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Abstract
This thesis explores spinel transition metal oxide nanoparticle pigmented solar
selective coatings with high thermal efficiency (>90%) and high-temperature (~750 ºC)
thermodynamic stability via cost-effective and facile fabrication methods. Compared to the
preliminary work, we reduce the emittance loss by selecting silicones with a lower
emittance loss as the matrix. We further move from purchasing simple commercial oxide
nanoparticles to systematically designing and synthesizing spinel-structure based threetransition-metal-incorporated oxide nanoparticles for a better optical response of
nanoparticle pigmented coatings. Nanoparticles of three systems are studied, including NiMn-Fe oxide, Cu-Mn-Fe oxide, and Cu-Mn-Cr oxide systems. Among, Cu-Mn-Cr oxide
nanoparticle pigmented silicone solar selective coatings on Inconel 625 substrates with an
outer diameter of 76mm show an optimal optical-to-thermal conversion performance, with
a solar absorbance of 97.9%, thermal emittance of 59.4% and a record-high thermal
efficiency up to 94.2% at a temperature of 750 ºC and solar concentration ratio of 1000.
According to some electronic structure investigations, the excellent absorbing behaviors
are attributed to the joint result of d-d transitions, charge transfer effect and defects in the
structure. Simulation results based on the four-flux radiative model confirm no need for
precise control over volume and volume fraction of nanoparticles in coatings, and prove
that our current recipes lie in the optimized region for absorptance. Up to 60 simulated day
(12h)-night (12h) thermal cycles (a total annealing time of 720h) at 750 ºC and/or 800 ºC
are conducted for stability verification of Cu-Mn-Fe oxide and Cu-Mn-Cr oxide
nanoparticle pigmented solar selective coatings. No more than 1% efficiency loss is
observed for coatings after thermal cycles at 750 ºC and 800 ºC, indicating the superior
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resistance against thermal degradations caused by long-time operations at high
temperatures. Inter-diffusion under very high temperatures is confirmed to enhance the
adhesion of the interface, and therefore improve the mechanical stability against slight
scratches. This study offers a promising approach to high-efficiency, high-temperature
stable and economically friendly solar selective coatings with feasibility of scaling up for
the next generation CSP systems.
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Chapter 1 Introduction
1.1 Overview and Motivation
This thesis explores spinel-structure based transition metal oxide nanoparticle
pigmented solar selective coatings with high thermal efficiency and high-temperature
thermodynamic stability via cost-effective and facile fabrication methods including coprecipitation and hot spray coating. We mainly focus on Cu-Mn-Fe oxide and Cu-Mn-Cr
oxide systems to reach a better optical response of nanoparticle pigmented coatings. This
research offers a promising approach to the high-efficiency, high-temperature stable and
economically friendly solar selective coatings with feasibility of scaling up and can thus
potentially benefit the next generation concentrating solar power (CSP) systems.
CSP system is a green technology capable of storing the energy absorbed from sunlight
and later converting it into other forms, and solar selective coating is an indispensable
component to help enhance the solar absorbance and reduce the infrared (IR) emittance
loss. However, current coatings, including commercial products and published work by
other research groups, cannot maintain a high-level thermal efficiency when enduring hightemperature and long-time operations if fabricated in a cost-effective method. The work in
this thesis takes the challenge and presents an approach to reach the goals of high-efficiency,
high thermal stability and low-cost fabrication at the same time.

1

1.2 Outline of Thesis
In Chapter 2, the necessity of developing clean and reliable energies is discussed and
the CSP system is introduced as a target solar energy harvesting technology with
comparison to PV. Solar selective coating is then carefully described as an important
functional component to enhance the optical-to-thermal efficiency of the whole system by
maximizing the solar absorptance and minimizing the infrared thermal radiation. Oxidation
resistance at high temperatures over 750 °C is required for Generation 3 CSP systems and
low-cost fabrication methods capable of scaling up are essential for the future
industrialization. The FOM is introduced to evaluate the optical performance of coatings
and a summary is made for high-temperature solar selective coatings with reported
endurance tests at ≥ 700 ºC. Since no thermal efficiency calculated with 1000x sunlight at
750 ºC exceeds 91%, new materials such as spinels are introduced with detailed crystal
structures and designed as the candidate pigments for a cermet-structure solar selective
coating. Preliminary experimental work on commercial transition metal oxide
nanoparticles is displayed with efficiencies smaller than 90%, which motivated the
synthesis of our own spinel oxide nanoparticles.
Chapter 3 focuses on the study of spinel Cu-Mn-Fe oxide nanoparticles and their
corresponding solar selective coatings. Details of the co-precipitation process and the hot
spray coating process are addressed for the preparation of nanoparticles and the pigmented
coatings. Characterization techniques are introduced. A few batches of non-stoichiometric
spinel Cu-Mn-Fe oxide nanoparticles are investigated for their morphologies, crystal
structures, chemical compositions and bonding states by TEM, XRD, EDS and FTIR.
These confirm the formation of spinel oxides, while a second phase of Mn2O3 co-exists.
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Nanoparticle pigmented coatings are further studied by SEM, EDS and XRD to observe
their features, showing the unique surface morphologies and percentages of two phases.
The optical data of each batch are collected by UV-vis-NIR spectrometer and FTIR for
comparison. The summary of FOM for the Cu-Mn-Fe oxide family shows a thermal
efficiency over 90% for most batches, with a highest value of 93.1% for syn24.
Four-flux radiative method is also illustrated and key parameters of coating thickness
and volume fractions of nanoparticles are generated for simulation purposes.
Computational results from our research scientist, Xiaoxin Wang, are used to derive the
absorption coefficients and band gaps. Further discussions are made to correlate the
absorption peaks to the intrinsic transitions of certain elements incorporated. The solar
absorptance is modeled for syn24 and CuMn2O4 (syn42), showing the feasibility of the
simulation method for further optimization of the recipe. Ni-Mn-Fe oxide is also prepared
and characterized. The optical property of its coating is evaluated, showing that Ni is not
an ideal dopant in spinel oxide for thermal efficiency enhancement.
Chapter 4 shows the performance investigation on Cu-Mn-Fe coatings on tube sections.
The surface morphology looks identical to the 24h annealed flat coupon sample while a
higher thermal efficiency is observed for the coating on the curved Inconel substrate.
Results after thermal cycles at 750 ºC are also displayed for syn24 and syn29. The porous
structures keep the coating layers stable during the high-temperature process and slight
phase changes occur after cycles. Increased Cr contents are detected in upper layers due to
the inter-diffusion reaction from the substrate, and the oxidation of the Inconel substrate
potentially affects absorption and emission. Both syn24 and syn29 suffer thermal
degradations to some extent but syn24-coating is more stable, ending up with ~2%
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efficiency loss after 60 day-night cycles for flat and curved ones. The increased thermal
efficiency with thermal cyclesobserved from CuMn2O4 coating implies that Cu-Mn-Cr
could offer high efficiency due to Cr diffusion into the coating.
Chapter 5 studies the spinel Cu-Mn-Cr oxide nanoparticles and their corresponding
solar selective coatings on flat Inconel 625 coupons. Three batches of non-stoichiometric
spinel Cu-Mn-Cr oxide nanoparticles are investigated for their morphologies, crystal
structures, chemical compositions and bonding states. Electronic structure and atomic
position distribution are investigated according to the XPS data analyses and OSPE. A
detailed chemical formula is obtained, and the oxygen vacancies and degrees of inversion
are found in the spinel phase. Corresponding coatings are later studied for materials
characterizations and optical data clearly shows the enhancement brought by Cr with an
efficiency of 93.7%.
Coating thickness and volume fractions of nanoparticles are also generated from SEM,
profilometer, digital microscope and EDS of cross-sections for simulation purposes. The
absorption coefficient and band gaps are derived for mechanism discussion. The absorption
peaks are assigned to the characteristic transitions of certain elements and the effect of
disorders in the spinel structure is proposed to cause extra absorption. The solar
absorptance and thermal efficiency are modeled for syn30 and they agree well with the
experimental values.
Chapter 6 includes the performance investigation on Cu-Mn-Cr coatings on tube
sections and similar efficiency increase is observed for syn30-coating. Surface
morphologies remain the same for coatings after thermal cycles at 750 ºC and 800 ºC,
respectively. The cross-section STEM images strongly support the formation of a thicker
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oxidation layer after thermal cycles. The blueshift of characteristic spinel (311) peak and
the stronger signals detected for Cr indicate the occurred inter-diffusion reaction and the
doping of Cr into the spinel phase. The wavy shape of absorption spectra after thermal
cycles further reveals potential CuCr2O4-like absorbing behaviors. Via FOM calculations,
the syn30-coating degrades more and less after high-temperature annealing process but the
deterioration in optical performance is much smaller than Cu-Mn-Fe coatings. The thermal
efficiency stabilizes at 94% for the sample thermally cycled between 750 ºC and 25 ºC,
and that of the 800 ºC cycled ones still maintained at a high efficiency > 92%.
A tube test based on the parabolic trough design is described and our coated tubes
exhibit great improvement compared to the Pyromark 2500 coated one. A simplified LCOE
calculation is conducted and at least 25% of the LCOE is reduced by the application of our
coatings compared to a non-coated Inconel tube.
Chapter 7 summarizes the key conclusions in Chapters 2-6 and offers suggestions for
future experimental and simulation works.
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Chapter 2 Background
2.1 CSP System
According to the twenty-sixth round of official United Nations population estimates
and projections, the world population has reached 7.7 billion [1]. To meet the rising
demands on energy, natural resources, including fossil fuels, coal, and natural gas, have
been greatly exploited. Figure 2.1 shows the percentages of different energy sources from
1990 to 2019. Up to now, coal, natural gas, and oil still account for ~ 80% of the energy
source [2]. Inevitably, increasingly severe air pollution and global warming issues are
bringing great threats to human and animal health [3]. Such environmental concerns and
potential natural resources shortage in the future have urged humans to find solutions to
this problem. An alternative technology should be capable of a large-scale conversion to
clean and reliable energy [4] with abundant and accessible resources. Wind energy and
solar energy could be potential options. It contributed to only 0.42% of the total energy
supply in 1990 and this fraction increased by 5 times to >2% in 2019 [2], indicating it a
flourishing domain with ample space to grow.
Solar technology could be a preferred choice to lower the dependence from fossil fuels
[5] due to its tremendous advantages including abundance, pollution free and renewability
[6]. There are two main approaches to harvesting solar energy, namely Photovoltaic (PV)
and Concentrating Solar Power (CSP).
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Figure 2.1 Total energy supply (TES) by source, World 1990-2019, adopted from IEA
[2].

PV technology can convert sunlight directly into electricity based on the photovoltaic
effect firstly discovered in 1839 by Becquerel [7]. PV technology prospers over the past
decades. With the impressively dropping installation cost [5], the widespread availability
and policy support in over 130 countries, the capacity of PV, together with wind, more than
tripled over the next decade, and can almost meet all electricity demand growth to 2030
[8].
The PV system utilizes both direct-beam irradiance and the diffuse component of
sunlight, which enables it to generate power when the sky is not completely clear [9].
Nevertheless, it lacks the capability of low-cost energy storage. Figure 2.2 is the California
Independent System Operator (CAISO) “duck chart” showing the net load (the normal load
minus wind and PV generation) [10]. The “belly” of the duck, from about 12pm to 3pm,
represents a potential overgeneration risk of PV: excess power supply over demand. In the
meantime, the peak electricity consumption occurs from around 6pm to 9pm, leaving a
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temporal gap between the peak electricity production and consumption. This intermittency
gives a chance to the CSP system.

Figure 2.2 The CAISO duck chart [10].

CSP system utilizes reflective mirrors (also known as “collectors”) to get solar
irradiation concentrated on a small area of the receiver [4]; heat transfer fluids (e.g., molten
salts, synthetic oil and pressurized steam [3]) inside are thus heated up to a high temperature
to store the energy absorbed from sunlight. CSP is estimated as the second-lowest emitter
of the CO2-equivalent (CO2e) emissions (i.e. emissions of greenhouse gases multiplied by
their global warming potential factors) right after wind [3], [11], and becomes a promising
candidate to make a substantial contribution to the environmental issue [12]. Compared to
the PV system, the high-temperature CSP system is capable of storing the solar-thermal
energy for >10 hours so as to meet the peak hours of electricity consumption towards
dispatchable solar electricity [13].
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Figure 2.3 Various CSP technologies along with their installed ratios [14].

As shown in Figure 2.3, there are four commonly used types of CSP systems: parabolic
dish systems (PDS), solar power tower (SPT), parabolic trough collector (PT), and linear
Fresnel reflector (LFR). The former two are so-called “point-focused” technologies. They
track the sun on both axes to facilitate a 3D concentration [15] of the sunlight to the receiver
[16]. In the SPT system, the heliostats are controlled by computers to track the sun for a
focus from dawn to dusk [17]. The latter two are line-focused technologies which focus
the sunlight to a line of receivers typically oriented in the north-south direction and track
the sun in the east-west direction[14], [16], [18]. Two dominant types in the market are PT
and SPT [15]. As reported by Xu et al. in 2016, PT system occupies over 82% of the global
CSP installation [14].
Normally, the PT system can concentrate the sunlight about 70 - 100 times, while the
SPT system has a higher concentration factor of 600 - 1000. This hence results in a lower
9

operating temperature within the range of 350 °C - 550 °C for the PT system and higher
temperatures from 800 °C to over 1000 °C [19]–[22]. According to Carnot’s theorem, a
higher operating temperature is always preferable for obtaining higher thermal efficiency
[23]. This indicates the potential enhancement in efficiency for the SPT system and hence
leads to a present trend of installing it [16]. People first built a central receiver test facility
at Sandia National Laboratories in 1978 [24] and currently there are 26 operational projects
utilizing SPT technology [25].
So far, CSP is still at an early stage with projects in only 22 countries (reported by
SolarPACES and The National Renewable Energy Laboratory (NREL) [25]). The high
investment cost, together with a six-hour thermal storage cost [26], is one main barrier that
inhibits a wider adoption of the CSP system [27] and remains to be resolved.

2.2 Solar Selective Coatings
Solar selective coating is an indispensable functional component in the CSP system. It
aims at maximizing the solar gain and minimizing the thermal emittance losses to enhance
the optical-to-thermal efficiency. The equipment of solar selective coatings can reduce the
levelized cost of energy (LCOE) by around 12% compared to the bare receiver [28].
As shown in Figure 2.4, the blue curve represents the solar spectrum (AM 1.5) and the
red curve is the blackbody radiation at 450 °C. The radiation will show a blueshift and a
higher intensity as the temperature increases [29], and the cutoff wavelength lying between
2 and 3 μm is hence temperature dependent [30]. It is clear that the solar spectrum ranges
from 0.25 to 3 μm, showing little overlap with the regime of blackbody radiation (2 μm to
100 μm) [30]. This indicates the possibility that we can find certain solar thermal absorbers
10

with different optical responses in solar and infrared regimes to enhance the overall opticalto-thermal efficiency. The green dashed line shows the spectral performance of an ideal
solar selective coating, with ~100% absorptance in solar regime while ~0 emittance in the
infrared (IR) regime.

Figure 2.4 Spectral performance of an ideal selective solar absorber [31].

To evaluate the absorbing performance of an actual solar selective coating, a figure of
merit (FOM) is introduced. When a metallic substrate material is thick enough, it can be
considered opaque to the electromagnetic waves in the aforementioned visible and infrared
spectra and thus the transmittance can be regarded as 0. Based on Kirchhoff's law of
thermal radiation [32], the emission and absorption by a material body are equal in value
when in thermodynamic equilibrium. Taking both into consideration, at a given wavelength
𝜆, the spectral absorptance 𝛼(𝜆) = emittance 𝜀 (𝜆) = 1 − 𝑅 (𝜆), where 𝑅(𝜆) represents the
spectral reflectance. The optical-to-thermal conversion efficiency is estimated by applying
the following formula at target temperature T with certain solar concentration ratio C as
the FOM [33],
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𝜂𝑡ℎ𝑒𝑟𝑚 = 𝐹𝑂𝑀 =

∞
1 ∞
∫0 (1 − 𝑅(𝜆))𝐼(𝜆)𝑑𝜆 − 𝐶 [∫0 (1 − 𝑅(𝜆))𝐵(𝜆, 𝑇)𝑑𝜆]
∞

∫0 𝐼(𝜆)𝑑𝜆
𝜀𝜎𝑇 4

= 𝛼𝑠𝑜𝑙𝑎𝑟 − 𝐶𝐼

(2.1)

𝑠𝑜𝑙𝑎𝑟

where 𝑅(𝜆) is spectral reflectance measured at room temperature, 𝐼(𝜆) represents the AM
1.5 solar spectral irradiance per square meter at wavelength 𝜆, 𝐼𝑠𝑜𝑙𝑎𝑟 = 1000 𝑊/𝑚2 is the
solar power density integrated from the spectral radiance 𝐼(𝜆) , 𝐵(𝜆, 𝑇) is the spectral
blackbody thermal emission at 𝜆 and 𝑇, 𝛼 solar is the overall spectrally normalized solar
absorbance, 𝜀 is the overall thermal emittance at T, and 𝜎 is the Stefan-Boltzmann constant
with the value of 5.67 × 10−8 𝑊⁄𝑚2 ⁄𝐾 4 .

Figure 2.5 Spectra for typical absorptance across the full atmospheric envelope (adopted
from [34]).

In order to reduce the levelized cost of energy (LCOE) of Generation 3 CSP systems
towards 50% power efficiency, solar selective coatings are required to possess long-term
thermal stability at high temperatures ≥ 750 ºC in air [35]. In this thesis, we use T = 750 °C
= 1023 K, and C = 1000 for calculations based on a high-temperature SPT system [36].
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Taking into account the atmospheric absorptance potentially caused by water (H2O) vapor,
carbon dioxide (CO2), and ozone (O3) [30] (as shown in Figure 2.5), we conduct our FOM
calculations involving the wavelength from 0.3 μm to 15 μm.
There are six distinct types of solar selective coatings: intrinsic, semiconductor-metal
tandems, multiplayer absorbers, multi-dielectric composite coatings (also known as
“cermet”), textured surfaces, and selectively solar-transmitting coating on a blackbody-like
absorber [31]. The schematic designs are exhibited as in Figure 2.6. Among them,
multilayer absorbers and cermet are two widely used types and attempts have been made
for high-temperature applications when they are incorporated with transition metal nitride
and oxide [37].

Figure 2.6 Schematic designs of six types of coatings and surface treatments for selective
absorption of energy [31].

In fact, it takes about five (5) five months for a CSP plant to ‘pay back’ the energy
used during the manufacture and installation periods [38]. Therefore, an appropriate solar
selective coating for the CSP system not only needs high photothermal efficiency, but is
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also expected to be cost-effective and to exhibit long-term thermal stability, as well as
physical and chemical stability, at their operating temperatures [14].
So far, prominent progress on solar selective coatings has been made by a large number
of research groups. Jaeyun Moon et al. reported a multi-scaled semiconductor
nanostructures based Si-Ge solar selective coating [39] at 500 ºC while an obvious decrease
of absorptance especially at λ>1 μm was observed after 1h annealing in air at 750 ºC.
Mandal et. al designed a wide-angle plasmonic selective absorber via a scalable “dip-anddry” method [40]. The Cu nanostructures on the surface of Zn substrates facilitates the
spectral selectivity but the coatings are proved to be thermally stable only up to 200 ºC.
Gao et al. [41], Cao et al. [42], and Li et al. [43] fabricated solar selective coatings with
endurance at 700 ºC or above for at least 100 hours, whereas thermal tests were conducted
in vacuum and there is no evidence of anti-oxidation property.
There are currently a few coating products on the market [44] but they are unable to
maintain ηtherm > 90% at operating temperatures > 650 ºC [21]. Experiments were
conducted on Pyromark 2500 black paint, a typical commercial product, to investigate its
performance and results show non-negligible limitations, including a maximum operating
temperature only around 700 ºC, a low practical conversion efficiency brought by lack of
selectivity (high solar absorption around 97% but high emittance loss around 88% as well),
and severe thermal-induced degradation occurring after 300h annealing at 750 ºC [45].
Indeed, there are still limited numbers of published works investigating long-time
high-temperature air-stable solar selective coatings targeting at Generation 3 CSP systems.
Table 2.1 summarizes a few papers with reported endurance tests in recent years. However,
they either lack spectral selectivity to achieve a ηtherm higher than 91% at >700°C [46], [47]
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or require relatively expensive vacuum deposition for stringent thickness control [48],
bringing potential barriers to the commercialization of CSP systems. Consequently, it
remains to be a significant challenge for solar selective coatings to be fabricated by costeffective methods and to maintain a high solar-thermal conversion efficiency > 90% for
long-term operation at ≥ 750 ºC in air.

Table 2.1 High-temperature solar selective coatings with reported endurance tests.
Fabrication
Material System

Substrate

η1

Tcal

Endurance in

(℃)

Air (h/℃)

η2

Method

Refs.

Cu0.15Co2.84O4-SPB-SiO2

Inconel 625

Spray Coating

0.904

0.903

750

1000/750

Ref.[49]

Cu1.5Mn1.5O4-SPB-SiO2

Inconel 625

Spray Coating

0.909

0.905

750

1000/750

Ref.[49]

Porous Cu0.5Cr1.1Mn1.4O4-SiO2

Haynes 230

Spray Coating

0.903

0.902

800

2000/800

Ref.[47]

Cu0.86Cr0.14Mn1.5Fe0.5O4-SiO2

Inconel 617

Spray Coating

≤ 0.917

≤ 0.894

750

1300/800

Ref.[50]

≤ 0.908

≤ 0.868

750

200/700

Ref.[51]

TiN/AlCrSiO(two nano-multilayers)

Cathode Arc Ion
SS

/AlCrSiO(amorphous)

Plating

η1: efficiency as deposited, η2: efficiency after annealing, Tcal: temperature used for
efficiency calculation.

2.3 Spinel Structure
The technical challenges discussed in Section 1.2 motivates us to find better solarabsorbing pigment materials. We have decided to investigate spinel nanoparticle pigments
because of their thermodynamic stability in air at high temperatures and great flexibility in
engineering stoichiometry to optimize the spectrally selective absorption. Compounds with
a spinel structure have a general formula of AB2X4, where A and B are metal cations and
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X are typically chalcogen anions (like O2-, S2-, Se2-) [52], [53]. Spinel was initially sought
after because of their spectacular colors as decorative gemstones, often confused with ruby
and sapphire for over 1000 years [54]. Later, Bragg [55] and Nishikawa [56] determined
the crystal structure of spinel and people realized the well-known gemstone at the front of
the Imperial State Crown, the “Black Prince's Ruby”, is actually spinel [57].

Figure 2.7 The spinel structure showing tetrahedral and octahedral sites [58].

The majority of spinel compounds has a space group of 𝐹𝑑3̅𝑚 (No. 227) [59]. Figure
2.7 shows the details of the spinel structure. A unit cell consists of 8 molecules with 56
atoms in total. The anions form an almost close-packed cubic array, with 1/8 of the
tetrahedral and 1/2 of the octahedral interstices occupied by cations [60], [61]. Commonly,
spinel could be categorized into two types based on the valences of cations. A(II) and B(III)
form a “2-3 spinel”, and A(IV) and B(II) form a “4-2 spinel” [62].
Usually, A cations take the tetrahedral sites and B cations take the octahedral sites to
form a normal spinel. Nevertheless, inversion will happen in some cases and lead to a
formula of (A1-xBx)[AxB2-x]X4, where x represents the degree of inversion. The inversion
parameter describes the portion of B cations sitting in the tetrahedral sites, with x = 0 for a
16

normal spinel, x = 1 for an inverse spinel, and 0 < x < 1 for a mixed spinel [61]. Such
inversion and other defects like vacancies in the crystal structure makes it extremely
complicated to investigate the optical properties [63].
Tremendous approaches have been applied to synthesize oxide spinels (AB2O4). Hightemperature solid-phase method is a simple approach feasible for large-scale applications
and a ball milling step is usually added to assist the reaction [64]. Besides, liquid-phase
and gas-phase methods are also reported to form spinels, including co-precipitation [65],
[66], hydrothermal [67], sol-gel [68], physical vapor deposition (PVD) [69], chemical
vapor deposition [70], etc. Equipped with high melting points and uniform thermal
expansion, oxide spinels were traditionally utilized as industrial refractory materials [60].
As other properties in magnetism, optics, electricity and catalysis are gradually studied,
oxide spinels are performing effectively in various fields including but not limited to
biomedicine [71], gas sensing [72], pollutant reduction [73]–[76] and energy storage[77],
[78].
Transition metals are famous for their partially filled d orbitals and the unique optical
features of spinel structure transition metal oxides inspire people to exploit its potential in
the field of solar selective coatings [79]–[83]. In traditional cermet structures, fine metal
nanoparticles are dispersed in a dielectric or ceramic matrix and hence brings the
remarkable superiority: flexibility. With manifold compositions and morphologies, spinel
structure transition metal oxide nanoparticles can make the coating system easier to be
tailored with a higher degree of freedom. Rational dopant and substitution of cations would
allow the adjustment of optical properties by altering the band gap [84], which makes spinel
structure transition metal oxides a promising pigment candidate. Its intrinsic high
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temperature and oxidation stability [85] adds to its potential application in Generation 3
CSP systems. By introducing spinel structure transition metal oxide nanoparticles into the
cermet structure, we could achieve a tunable coating system with various nanoparticle
compositions, nanoparticle concentrations and coating layer thickness.

2.4 Preliminary Work on Commercial Nanoparticles

Figure 2.8 Scheme of transition metal oxide nanoparticle-pigmented solar selective
coatings on the receiver tube of CSP systems.

As schematically shown in Fig. 3a, we achieved high solar selectivity by adjusting the
nanoparticles materials, nanoparticle size, and volume fractions in the cermet coatings
based on Lorenz-Mie scattering for nanoparticle size >10 nm [33]. Solar radiation in the
UV, visible and NIR regimes will be absorbed while the infrared thermal radiation will
mostly get reflected back so as to avoid too much emittance loss.
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Our prior work was focused on utilizing commercial nanoparticles (purchased from
US Research Nanomaterials, Inc.) as the pigments, and flat SS 310 or Inconel 625 pieces
were used as substrates. Figure 2.9 shows the optical spectra of coatings using CuO
nanoparticles as the pigment and differences could be observed between various silicones
(RSN, P80, and Bluesil) and substrates. For RSN and P80 silicone matrix coatings,
nanoparticles take a weight percentage of 7% of the liquid phase while the Bluesil 6406
one contained only takes 4%. Ten layers were sprayed onto the substrates for all samples,
indicating a lower content of nanoparticles in the absorber for the Bluesil one. The two
curves of CuO nanoparticle pigmented coatings on SS 310 are almost identical and those
of CuO coatings on Inconel 625 with P80 and RSN silicone resins exhibit a similar abrupt
cutoff at 270 nm. A second decrease occurs at around 800 nm, leading to an absorptance
within the range of 50% and 60% in the NIR region. Meanwhile, when Bluesil 6406
silicone resin was applied, the smaller percentage of nanoparticles did not weaken the
absorbing behaviors. On the contrary, a huge increase of absorptance in visible range could
be observed and the cutoff redshifts to around 800 nm. The absorptance from 1000 nm to
2500 nm gets enhanced to about 70% as well, contributing to the absorptance greatly.
Overall, the solar absorptance is improved from 65% to almost 83% with a combination of
Bluesil 6406 and Inconel, indicating it wise to select Bluesil 6406 as a silicone resin
candidate for future experimental purposes. Such an absorption enhancement indicates a
better dispersion of the NPs considering that clustering would increase reflectance and
reduce solar absorptance.
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Figure 2.9 UV-vis-NIR spectra of CuO nanoparticle pigmented coatings with different
silicone resins and substrates.

Besides regular single-element oxides, there are also some commercial spinel structure
nanoparticles available. We selected MnFe2O4 as another pigment to fabricate silicone
matrix coatings for optical performance investigation. Our published work [86] shows a
comparison between Mn oxides and MnFe2O4. Mn2O3 and MnFe2O4 are mixed with DMST00 (T00) silicone to form the precursor for coating fabrications. After 24h annealing at
750 ºC, the thermal efficiency of MnFe2O4 pigmented coating was calculated to be 88.7%
while that of Mn2O3 pigmented coating is only around 76.1%. This outstanding
performance reveals the superiority of MnFe2O4 nanoparticles over regular Mn oxides.
Further discussion on thermal stability was made for MnFe2O4-RSN coating on SS 310.
After aging at 750 ºC for 700h directly in air, the coating maintains a solar absorptance of
92.5%, a thermal emittance of 55%, and a high thermal efficiency of 88% - 89%.

20

Figure 2.10 (a) UV-vis-NIR and (b) IR spectra of MnO2 and Mn2O3 nanoparticles
pigmented coatings with RSN on SS 310 substrate. (c) UV-vis-NIR and (d) IR spectra of
mixed nanoparticles pigmented coatings with Bluesil 6406 on Inconel 625 substrate.

Inspired by the optical performance shown by MnFe2O4 nanoparticle pigmented
coatings, a series of trials were made to observe the absorbing behaviors of a mixture of
simple oxide nanoparticles. Figure 2.10 (a) and (b) provide the optical spectra of MnO2
pigmented and Mn2O3 pigmented coatings for comparison, respectively. Figure 2.10 (c)
and (d) give a few examples by mixing CuO with Mn2O3 and mixing Fe3O4 with MnO2.
Since MnO2 pigmented and Mn2O3 pigmented coatings were prepared with RSN on SS,
while the mixed nanoparticles pigmented ones were fabricated with Bluesil on Inc, it is not
convincing enough to draw a conclusion by comparing the absolute values directly. What
we pay attention to is the general trend after mixing.
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In the solar regime, the coatings with Cu-Mn mixtures, especially the one at a molar
mixing ratio of 1:1, have flatter absorptance curves compared to the gradually decreasing
trend shown by the Mn2O3 pigmented coating. The absorptance from 1000 nm to 2500 nm
was improved by the introduction of element Cu into the nanoparticles. However, the
addition of Fe3O4 into MnO2 did not offer much help in the solar spectrum and it even
suffered a great absorptance decrease. Interestingly, all mixed nanoparticles pigmented
coatings exhibit emittance curves with a selectivity, and the values of emittance loss are
pretty similar. This implies it is not an easy problem solely related to the element species
incorporated and their molar ratios. A potential crystal structure change may have
happened during the high-temperature annealing process and affected the optical
performance.
A few other combinations of simple transition oxides are also used to prepare
pigmented coatings. Table 2.2 summarizes the solar absorptance, emittance loss and
thermal efficiency with corresponding fabrication parameters listed.
As a result, despite of the improved optical performance brought by mixing two or
even more simple oxide nanoparticles as well as choosing proper silicone resins and
substrates, there is yet a necessity of developing a brand-new system of synthesized spinel
structure transition metal oxide nanoparticles. Thus, to further enhance the performance of
solar selective coating, we designed spinel-structure transition metal oxide nanoparticle
pigmented silicone solar selective coatings on Inconel 625 and details are discussed in the
following chapters.
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Table 2.2 Solar absorptance, emittance loss and thermal efficiency calculated for mixed
nanoparticles pigmented coatings.
Nanoparticles

Molar Ratio Substrate

Silicone Resin

NP (wt.%) # of layers

α

ε

η

CuO/MnO2

1:2

Inc

RSN

3

15

0.938

0.728

0.893

CuO/MnO2

1:1

Inc

RSN

3

15

0.935

0.766

0.888

Fe3O4/MnO2

1:1

Inc

Bluesil

3

15

0.902

0.633

0.863

MnFe2O4/CuO

1:1

Inc

Bluesil

1

20

0.912

0.524

0.880

MnFe2O4/MnO2

1:1

SO SS

RSN

3

15

0.900

0.469

0.871

MnFe2O4/Mn2O3

1:1

SO SS

RSN

3

15

0.852

0.483

0.822

Fe3O4/CuO/Mn2O3

1:2:3

Inc

RSN

3

15

0.931

0.727

0.886

MnFe2O4/CuO/Mn2O3

1:2:4

Inc

Bluesil

1

20

0.946

0.743

0.900

MnFe2O4/CuO/MnO2

1:1:2

SS

Bluesil

3

15

0.931

0.540

0.898

SO SS: surface oxidized stainless steel 310.
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Chapter 3 Cu-Mn-Fe Oxide Nanoparticle and Corresponding
Nanoparticle Pigmented Solar Selective Coatings
From the preliminary results we obtained in Chapter 2, it is clear that paints are more
likely to be applied via facile techniques for scaling up and silicone resins are ideal binders
with outstanding heat resistance and adjustable properties. Considering the relatively high
photothermal efficiency occurs when Cu, Mn and Fe coexist in the nanoparticles, we
started to develop spinel-structure Cu-Mn-Fe oxide NPs pigmented silicone solar selective
coatings. Inconel 625 is a Ni-based super alloy with good resistance against harsh working
conditions including corrosion and oxidation at elevated temperatures [87], [88]. Together
with the prominent optical properties of Bluesil 6406 silicone matrix based coatings shown
in Chapter 2, we decided to utilize the combination of Inconel 625 and Bluesil 6406 as the
substrate and silicone resin for the following experiments.

3.1 Materials and Methods
3.1.1

Cu-Mn-Fe Oxide Nanoparticle Preparation

A group of the spinel-structure Cu-Mn-Fe oxide nanoparticles were prepared by the
co-precipitation method. Copper nitrate (Cu(NO3)2·3H2O, Fisher Scientific, 99%, for
analysis), manganese nitrate (Mn(NO3)2·4H2O, Alfa Aesar, 98%) and ferric chloride
(FeCl3·6H2O, Amresco, ACS Grade) were dissolved in 100mL deionized (DI) water at
room temperature to form a solution. The concentration of each ion ranges from 0.01mol/L
to 0.10mol/L, depending on the specific stoichiometry of the final product to be achieved.
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An example of Cu-Mn-Fe oxide nanoparticles, batch 24th, utilized 0.002mol copper nitrate
(0.484g), 0.006mol manganese nitrate (1.506g) and 0.002mol ferric chloride (0.54g) for
the synthesis. The aqueous solution was under vigorous magnetic stirring for homogeneity
and an initial pH value was recorded to be between 2 and 3. An excess amount of
appropriate base solution, sodium hydroxide (NaOH(aq), 50%, Sigma-Aldrich, dilute to
10M) as we selected, was steadily added dropwise for precipitation until the pH of the
solution was adjusted to around 12. The stirring was kept for 1h to reach a full precipitation.
The precipitated materials were rinsed 5 times and then dried at 120 ºC overnight. After a
rough grinding step, it was further calcined at 550°C for 5h and finally ground into fine
powders via a wet grinding method with ethanol. An example of Cu-Mn-Fe oxide
nanoparticles with batches 34th (same recipe as 24th) and 29th can be viewed in Figure 3.1.
From naked eyes, all nanoparticles show black color and further characterizations are
required to check their properties.

Figure 3.1 A photo of Cu-Mn-Fe oxide nanoparticles kept in glass vials.
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3.1.2

Cu-Mn-Fe Oxide NP-Based Coating Preparation

The spinel-structure based Cu-Mn-Fe oxide nanoparticle pigmented solar selective
coatings are fabricated by the hot spray coating method. Bluesil RES 6406XM silicone
purchased from Elkem was selected for lower emittance loss in the infrared region as the
precursors of the silicone matrix. It was diluted with xylene (Ward’s Science) at a weight
ratio of 1:10 to for an appropriate viscosity. Synthesized Cu-Mn-Fe oxide nanoparticles
were then added at a weight percentage of 4% into the silicone fluids. A typical coating on
a substrate with the dimensions of 1 inch by 1 inch requires 0.1g Bluesil silicone, 1g xylene
and 0.044g nanoparticles. The vial with the prepared solution was put in an ultrasonic bath
for a thorough dispersion for 30 min. Houseables Mini Sprayers (10ml) were purchased for
the spray coating. The hot plate was set to 350 ºC and its surface temperature was measured
to be ~180 ºC by a double laser digital non-contact infrared thermometer. The substrate
was put on the hot plate for ~2 min and 10 layers were sprayed onto the substrate. Each
layer was sprayed with a time interval of ~2s for the evaporation of volatile components
and thus to enable a smooth layer with least bubbles formed. After spraying, the sample
was settled on the hotplate for 5 min and then cooled down to room temperature.
Subsequently, the sample was put into a muffle furnace (Thermo scientific) for the
following heat treatment. The sample was first heated under 250 ºC for 2h and then ramped
up to 750 ºC at a rate of 9.1C/min. After dwelling for 24h and cooling back to room
temperature, the nanoparticle-pigmented silicone solar selective coating was formed. Flat
Inconel 625 pieces, Inconel 625 tube sections with an outer diameter (OD) of 76mm, and
quartz are substrates mainly used in our research work. The coatings on the quartz
substrates were used to measure both the transmittance and reflectance spectra of the
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coating in order to derive the refractive index (n) and extinction coefficient (k) of the
pigment nanoparticles. An example of the sprayed coated sample can be seen in Figure 3.2.

Figure 3.2 A photo of batch 24th Cu-Mn-Fe oxide nanoparticle pigmented solar selective
coating on the flat Inconel 625 substrate.

3.1.3 Characterization Techniques
XRD patterns were recorded on a Rigaku 007 X-ray Diffractometer (Cu Kα1 line, λ = 1.54059
Å) operating at 40 kV/300 mA and in a 2θ angular range of 10–90 degrees with a velocity of 2
degrees/min and a step size of 0.02 degree. Chemical composition was determined by X-ray
Photoelectron Spectroscopy (XPS, PHI VersaProbe II, from West Campus Materials
Characterization Core at Yale University) and Energy dispersive spectroscopy (EDS, EDAX Si (Li)
detector with Genesis software). Scanning electron images were obtained by using a TESCAN
SEM operating at 20 kV in secondary electron (SE) mode and a FEI Helios 5CX DualBeam SEM
equipped with FIB was utilized for specimen preparation for cross section views. Tecnai F20 (200
keV) TEM was utilized to collect transmission electron images and SAED patterns. Elemental
distribution was measured via JEOL 2010 FEG - TEM/STEM equipped with an EDS detector (from
Center for Nanoscale Systems at Harvard University). Vibrational signals of bonding as well as
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reflectance in the mid infrared (MIR) region (λ=2.5 ~15 μm) were carried out by a Jasco 4100
Fourier transformation IR (FTIR) spectrometer equipped with a Pike IR integrating sphere in the
range from 400 to 4000 cm-1. Jasco V-570 ultraviolet/visible/near infrared (UV/Vis/NIR)
spectrometer equipped with a Jasco ISN-470 integrating sphere was used to characterize optical
performance in the ultraviolet, visible and infrared regime, ranging from 200 nm to 2500 nm. The
visualization of the surface roughness was obtained via Keyence VHX-700 Digital Microscope.

3.2 Cu-Mn-Fe Oxide NP Materials Characterization
Several characterization techniques were applied to determine the composition and
crystal structure of the as-synthesized Cu-Mn-Fe oxide nanoparticles. Small amounts of
as-synthesized nanoparticles were thoroughly dispersed in pure ethanol and then 3-4 drops
of solutions were added onto the carbon-coated copper grid. The TEM samples were ready
to use after the solvents fully evaporated. TEM (Figure 3.3) images were taken for 6
different batches in the Cu-Mn-Fe oxide family (see Table 3.1 for detailed descriptions). It
can be seen that as-synthesized nanoparticles are mainly irregular ellipsoids with edges
while agglomeration phenomena inevitably occur due to van der Waals interactions.
Meanwhile, size distribution does exist. For as-analyzed syn21, syn22, syn23, syn24,
syn25, syn26 and syn29, the average sizes (diameters) are 43.8 nm, 40.3 nm, 41.5 nm, 49.5
nm, 49.2 nm, 53.8 nm, and 48.0 nm respectively, with a standard deviation of ~10 nm. An
average particle size of 50 nm is used for the theoretical modeling in Chapter 3.4.
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Figure 3.3 TEM images of Cu-Mn-Fe oxide nanoparticle size (diameter) distribution. (a)
syn21, (b) syn22, (c) syn23, (d) syn24, (e) syn25 and (f) syn29 nanoparticles.

Selected Area Electron Diffraction (SAED) patterns of Cu-Mn-Fe oxide nanoparticles
were also studied. Figure 3.4 shows polycrystalline patterns of two extreme batches, syn23
and syn26. Nanoparticles of syn23 in Figure 3.4a have a dominant cubic spinel structure,
with clear rings corresponding to (111), (220), (311), (222), (400), and (440) planes.
Differently, Figure 3.4b shows that cubic Mn2O3 is the main phase in syn26 nanoparticles,
with (211), (321), (422), and (433) planes labeled. Nanoparticles of syn24 lie in between,
exhibiting a mixture of two sets of ring patterns. This could originate from the synthesis
step. Unlike the traditional solid-phase method, the co-precipitation method is a wet
chemistry process that cannot precisely control the chemical composition and crystalline
phases simultaneously. It is found that along with the formation of the cubic spinel structure,
the presence of a secondary Mn2O3 phase is also unavoidable when the Cu content x in

29

CuxMn3-xO4 is no more than 1.2 [89]. This explains the trend of various diffraction patterns
shown by the Cu-Mn-Fe oxide family.

Figure 3.4 Selected Area Electron Diffraction (SAED) patterns of Cu-Mn-Fe oxide
nanoparticles. (a) syn23 and (b) syn26.

To further examine their crystallinity, XRD analysis was performed for the assynthesized nanoparticles. Figure 3.5 displays the diffraction patterns of 7 batches in the
Cu-Mn-Fe oxide family and the patterns of an Inconel 625 piece were measured separately
in advance as a reference with observed peaks at 43.6°, 50.9°and 74.6°. The diffraction
patterns are well arranged in the sequence of a decreased Cu/Mn molar ratio (from syn23
to syn26). Among them, syn21 nanoparticles were loaded on a glass slide; syn24, syn29
and syn26 nanoparticles were loaded on Si(100) substrates. The remaining ones were
loaded on Inconel 625 substrates.
We referred to diffraction patterns of cubic CuMn2O4 (PDF-01-084-0543) and
CuFe2O4 (PDF-01-077-0010) for peak position comparison with the spinel structure
observed in our as-synthesized nanoparticles. We found characteristic peaks of (111), (220),
(311), (222), (400), (511), (440) and (533) matched the heart labeled peaks, indicating the
existence of spinel structures in synthesized nanoparticles. The remaining diamond labeled
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peaks can be assigned to cubic alpha-Mn2O3 (PDF-01-071-3820) as well as the Inconel
625 substrate. Apparently, more Mn2O3 contents appear in the as-synthesized nanoparticles,
turning it a full spinel (syn23) into a two-phase mixture (syn24), and further into a Mn2O3
dominant mixture (syn26). This indicates that a large molar ratio of Cu/Mn in the starting
materials is potentially beneficial to the formation of spinel structure Cu-Mn-Fe oxides.
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Figure 3.5 XRD patterns of Cu-Mn-Fe oxide as-synthesized nanoparticles loaded on glass
slides, Si(100) pieces, and Inconel 625 substrates.

Table 3.1 summarizes the detailed information of several batches, with molar ratio of
each element in raw materials and particle size according to TEM images. EDS mapping
was conducted to determine the actual molar ratio of each element in as-synthesized
nanoparticles, which is included in Table 3.1 as well.
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Table 3.1 Parameters of as-synthesized Cu-Mn-Fe oxide nanoparticles.
Batch

Cu:Mn:Fe (starting)

Cu:Mn:Fe (EDS)

TEM Particle Size (nm)

syn21

1:1.25:1.25

1:1.1:1.7

43.8±6.5

syn22

1:1.5:0.5

1:1.6:0.6

40.3±7.2

syn23

1:0.5:1.5

1:0.6:1.7

41.5±11.9

syn24

1:3:1

1:2.7:1.2

49.5±11.3

syn25

1:1:3

1:1.2:3.5

49.2±8.5

syn26

1:6:2

1:6.9:2.7

53.8±14.1

syn29

1:4:1

1:4.8:1.1

48.0±9.1

Additional bonding conditions verification was conducted based on Transmittance
spectra obtained via FTIR. Small amounts of as-synthesized nanoparticles were suspended
in dry KBr powders and then pressed to form pallets for data collection. Figure 3.6 shows

Transmittance (%)

the curves of syn24 nanoparticles.
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Mn3+/Fe3+ in
either tetrahedron
Mn3+/Fe3+ in or octahedron
[MO6] octahedron
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Figure 3.6 FTIR spectrum of syn24 Cu-Mn-Fe oxide nanoparticles showing characteristic
spinel features.
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Characteristic IR absorption peaks of syn24 nanoparticles are observed at 599 and 528
cm-1. Similar peak positions are observed from previous reports on spinel CuFe2O4 [90],
[91], Cu1+xMnxFe2-2xO4 [92], MnxNi1-xFe2O4 [93], and Cr doped CoFe2O4 [94]. The
difference in peak position is closely related to the length of metal-oxygen (M-O) bond in
the spinel structure; whether a cation sits in the tetrahedral site or the octahedral site has a
great impact on the geometrical configuration of the oxygen anions, leading to the variation
of the bond strength. The presence of a doping element also affects the bonding force
between the cation and its neighboring oxygen, which could be reflected by the peak shift
of the absorption band [95]. Commonly, there are two main absorption bands below 1000
cm-1 for all spinels, especially ferrites (with a general form of MFe2O4, where M is a
divalent metal ion) [96], one at ~ 600cm-1 and another at ~ 400cm-1. It is controversial for
the exact band assignment. Some researchers believe that the higher-frequency band could
be assigned to the intrinsic stretching vibrations of the metal-oxygen (M-O) bond at the
tetrahedral site, while the lower-frequency one is related to the octahedral group [96], [97].
Preudhomme proposed that the higher-frequency bands are dominantly related to MO6
octahedrons for “2-3” spinels while tetrahedral groups have greater impacts for “4-2”
spinels [97], [98]. Strongly supportive experimental data were provided and a series of
normal, mixed and inverse spinel structure oxides with different degrees of doping were
studied by Allen [99] to further verify the conclusion. In this case, the 599 cm-1 band is
assigned to the vibrations in Mn3+ or Fe3+ in MO6 octahedron and the 528 cm-1 band can
be cause by vibrations of either the tetrahedral or the octahedral group as shown in Figure
3.6.
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The fluctuation near 400 cm-1 makes it hard to decide if there are extra peaks, so we
assume no distinguishable absorption band between 500 and 400 cm-1. Nevertheless, the
inversion of cations will possibly broaden and even split the absorption band [100] so that
four absorption bands could occur instead of two. That is to say, there could be an
unobserved absorption band located at wavenumber smaller than 400 cm-1, which is
beyond our detection range of 4000 - 400 cm-1. Also, considering the crystal structure of a
spinel, an oxygen anion is connected to both metal cations in the tetrahedral site and the
octahedral site, making the vibrations a joint effect of both groups [101] and thus inducing
the shift of frequency. In this case, we can confirm the formation of the spinel structure in
the as-synthesized Cu-Mn-Fe oxide nanoparticles.

3.3 Cu-Mn-Fe Oxide Nanoparticle Pigmented Coatings
3.3.1

Cu-Mn-Fe Oxide NP-Based Coating Characterization

The fabricated Cu-Mn-Fe oxide nanoparticle pigmented solar selective solar coatings
were characterized for morphological, crystal structural and optical information after 24h
annealing at 750 ℃.
SEM images shown in Figure 3.7 were taken for details about surface morphology of
the coating. Relatively rough but uniform surfaces embedded with sparse micro-scale
clusters of particles on above can be observed from the image with low magnification. The
zoomed-in image in Figure 3.7b reveals more details of micro-pores appearing almost
everywhere on the surface. Such morphology was due to the evaporation of volatile
components and the decomposition of silicone resins during the fabrication process at
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elevated temperatures, while the whole coating did not suffer it and remained a stable
porous structure.

Figure 3.7 SEM images of batch 24th Cu-Mn-Fe NP-pigmented solar selective coating on
the Inconel 625 substrate after 24h annealing at 750 ℃ with (a) lower and (b) higher
magnifications.

Figure 3.8 EDS mapping of batch 24th Cu-Mn-Fe NP-pigmented solar selective coating on
the quartz substrate after 24h annealing at 750 ℃. (a) Morphological image of the detected
area. Color maps show distribution of (b) O, (c) Si, (d) Cu, (e) Mn and (f) Fe, respectively.
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EDS mapping was further conducted to observe the distribution of each element on
the surface of coatings. Figure 3.8a shows surface morphology of the studied region and
Figure 3.8b to f exhibits the intensity of O, Si, Cu, Mn and Fe in the selected area of
coatings on the quartz substrate. A brighter color represents a higher concentration of
elements accumulated while the darker color means lower signals detected. It validates that
NPs were generally well distributed in the Si-rich matrix on the surface of Inconel 625
substrate, with only small but acceptable intensity variation. A much brighter purple color
in Figure 3.8c could be caused by an issue during the spraying procedure.
XRD measurement was conducted for phase determination after 24h annealing at 750
ºC in air. Compared to the as-synthesized counterpart NPs, post-annealing at 750°C for 24
h renders stronger and sharper characteristic peaks of the spinel phase. For certain batches,
such as syn24 and syn29, some feature peaks of cubic Mn2O3 even disappear. It indicates
that additional energy provided by the high-temperature annealing step promotes the
formation of a stable cubic spinel phase in the cases of small Cu/Mn molar ratio. This
finding is in good agreement with the observation in published work by Ni et al. [102]. A
calcination temperature of 500 °C enables the decomposition of the amorphous phase after
co-precipitation while multiple phases co-exist. When the temperature rises to 700°C, it
assists in the crystallization of a single-phase CuMnFeO4. Therefore, it is essential for all
nanoparticle pigmented coatings to be post-annealed at 750°C for 24h so as to stabilize the
spinel phase without causing any further phase segregation before further characterization.
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Figure 3.9 (a) Full XRD patterns and (b) close examination on (311) peak of Cu-Mn-Fe
oxide NP-pigmented solar selective coating on the Inconel 625 substrate after 24h
annealing at 750 ℃ compared to CuMn2O4 nanoparticle pigmented coating with the same
fabrication procedure and parameters.

Close examination on characteristic (311) peak of spinel structure was conducted as
shown in Figure 3.9b. For comparison, CuMn2O4 nanoparticles (syn42) were intentionally
synthesized and then utilized as pigments to prepare corresponding cermet structure
coatings on Inconel 625 substrates.
For many batches after 24h annealing, the (311) peak consists of two sub-peaks located
at ~35.5°and ~35.8°. The manganese-deficient sample (syn23) has only one peak at 35.47°,
while iron-free sample (syn42) possesses one peak at 35.83°. It also is found that the more
manganese in the starting material, the higher the intensity ratio I35.8°/I35.5°is. Therefore, it
can be considered that the ~35.5°peak originates from CuFe2O4 and the ~35.8°peak is
ascribed to CuMn2O4. Hence, there is a general trend that CuMn2O4 will dominate the
spinel phase if the molar ratio of Mn:Fe is no less than 4:1 in the starting material (syn29,
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syn31, syn33 and syn42); otherwise, CuFe2O4 will become the major spinel phase (syn23,
syn24 and syn25).
Based on XRD data, Table 3.2 lists some parameters including particle size, lattice
constant and weight percentage of each phase of a few batches of Cu-Mn-Fe oxide
nanoparticles, CuMn2O4 (syn42) also included for comparison.

Table 3.2 Parameters of Cu-Mn-Fe oxide nanoparticles after 24h annealing at 750 ℃.
Cu:Mn:Fe

XRD Particle Size (nm)

Lattice Constant (Å)

Spinel

Batch
(starting)

Spinel

Mn2O3

Spinel

Mn2O3

wt. %

syn23

1:0.5:1.5

30 (f)

-

8.387

-

100

syn24

1:3:1

32 (f)

47

8.382

9.372

46.30

syn25

1:1:3

24 (f)

50

8.382

9.323

69.00

syn26

1:6:2

28 (f)

40

8.376

9.353

71.20

syn29

1:4:1

52 (f) / 31 (m)

54

8.370 / 8.291

9.333

30.2

syn31

1:6:1

49 (m)

58

8.289

9.347

43.30

syn33

1:3:0.5

21 (m)

50

8.3

9.338

29.80

syn35

1:3:2

34 (f) / 42 (m)

56

8.374/8.295

9.358

82.30

syn42

1:2:0

31 (f)

49

8.305

9.359

70.90

* f: spinel CuFe2O4; m: spinel CuMn2O4.

The fractions of phases in as-synthesized nanoparticles of each batch were obtained
via Reference Intensity Ratio (RIR) method. Due to the low peak intensity and limited
number of peaks shown by the minor phase, only the integrated intensity of the strongest
peak for each phase was utilized for calculations. In a binary system,
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𝑤1 =

𝐼1
𝐾1

×

1
𝐼1 𝐼2
+
𝐾1 𝐾2

(3.1)

where 𝑤𝑖 is the weight percentage, 𝐼𝑥 is the integrated intensity, and 𝐾𝑥 is the scale
factor (intensity of analyte divided by intensity of corundum) [103] of phase i. According
to PDF cards mentioned above and reported RIR value by Schorne-Pinto et al. [104], 4.5
and 5.13 were utilized as the RIR value of Mn2O3 and spinel phase.
The lattice constant of α-Mn2O3 is obtained in a range of 9.32~9.37 Å, consistent with
reported values [105], [106]. The value of the lattice parameter for cubic spinel CuFe2O4
system varies from 8.37~8.39Å and that of CuMn2O4 is within the range of 8.29~8.31Å, ,
which is in agreement with the reported smaller lattice constant for CuMn2O4 [107]. The
degree of inversion and substitution of cations will lead to some deviations from the
reported value in literatures, which is reasonable. It is interesting to note that syn26
(Cu:Mn:Fe=1:6:2) has a single (311) peak at 35.6° lying between two distinct peak
positions, which is potentially brought by incorporating both Mn and Fe into the same
spinel lattice. The value matches well with the standard pattern of cubic CuFeMnO4
(ICDD-PDF No.20-03588) spinel structure [108].
The crystalline sizes of the mixed oxide phases were also determined according to
Debye Scherrer formula,
𝐾𝜆

𝐿 = 𝛽𝑐𝑜𝑠𝜃

(3.2)

where L represents the crystallite size, K is the Scherrer constant, a dimensionless factor
typically selected as 1, λ is the wavelength of x-ray generated by the Cu source, β is the
full width at half maximum (FWHM) and θ is the Bragg angle. Instrument broadening was
taken into account and strain broadening could be neglected after annealing. The strongest
peak of each phase, deconvolved (311) peak for spinel and (222) peak for Mn 2O3, were
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utilized for crystallize sizes calculation, respectively. Overall, Mn2O3 NPs exhibit a large
particle size ~50 nm, while spinel Cu-Mn-Fe oxides have a smaller size 30 - 40 nm. That
explains the large size deviation (~10 nm) observed in TEM NP size distribution (Figure
3.3).

3.3.2

Cu-Mn-Fe Oxide NP-Based Coating Optical Properties

To characterize the solar selectivity of Cu-Mn-Fe oxide nanoparticle pigmented
coatings, optical measurements were conducted on coated samples after 24h annealing at
750 ºC. We use UV-vis-NIR spectrometer and FTIR to cover the visible and infrared
spectra ranging from 200 nm to 16 µm. A Jasco integrating sphere is used to collect total
reflectance for UV-vis-NIR range and a Pike integrating sphere is equipped for
measurement in the IR regime.
Figure 3.10 shows the optical spectra describing solar absorption and thermal emission
behaviors of 12-batch NP-pigmented coatings in the Cu-Mn-Fe oxide family. According
to Figure 3.10a, the coatings with nanoparticles from the Cu-Mn-Fe oxide family exhibit
quite different solar absorbing behaviors. Among them, syn24, syn33 and syn22 have a
high absorptance over 90% for most of the wavelengths. Instead, syn25 and syn23 show
the lowest solar absorptance. It can be noticed that an early cutoff of the solar absorption
is between 500 nm and 1000 nm for both batches, and the absorptance even goes down
below 80% when the wavelength extends beyond ~ 1600nm. Though syn35 gets a bit more
solar energy absorbed compared to syn25, they show a similar shape for the absorption
curves, with an easily observed valley between 1000 nm and 1500 nm. Other batches are
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somewhere in between, having their peak values over 95% near 500 nm and still remaining
a value within the range of 80% - 90% when the wavelength reaches 2500 nm.

Figure 3.10 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of Cu-Mn-Fe oxide NP-pigmented solar selective
coating on the Inconel 625 substrate after 24h annealing at 750 ºC.

When it comes to the infrared regime, it is clear that all batches possess the spectral
selectivity. Other than syn22, with a thermal emittance dropping from 90% to 70% at
around 6 μm, every batch has a pretty low emittance varying from 50% to as low as 20%
between 6 and 8 μm. The increased emissivity appearing between 8 and 10 micron is
resulted from the stretching of Si-O bond in the silicone matrix inevitably [17]. Small
bumps and dips observed in the spectra can be caused by interference and the system errors
of measurement instruments.
To compare the optical-to-thermal performance in a more straightforward way, the
FOM was calculated for each batch. Table 3.3 summarizes the solar absorptance, emittance
loss and thermal efficiency of those batches mentioned above. Most of the coatings achieve
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a solar absorptance over 94% and syn24 even goes up to 96.5%. Considering the thermal
emittance, an average value of ~50% was achieved for all batches except for syn22. It is
obvious that syn29 has a second smallest emittance of 44.0%, ~10% lower than that of
syn24 while it is only ranked 5 in all batches. That is to say, the overall thermal efficiency
is more greatly influenced by the absorbing behavior in the solar spectrum, implying the
necessity of more focus on absorptance enhancement.

Table 3.3 FOM of solar selective coating with different batches of Cu-Mn-Fe oxide NPs
calculated at 750 ºC and C=1000.
FOM (T = 750 ºC, C = 1000)
Batch

Cu:Mn:Fe (starting)

Rank
α

ε

η

17

1:1:1.5

0.943

0.501

0.911

9

18

1:1.5:1

0.960

0.575

0.924

3

21

1:1.25:1.25

0.958

0.574

0.922

4

22

2:3:1

0.953

0.673

0.911

8

23

1:0.5:1.5

0.909

0.516

0.877

11

24

1:3:1

0.965

0.545

0.931

1

25

1:1:3

0.896

0.436

0.869

12

26

0.5:3:1

0.953

0.579

0.917

7

29

1:4:1

0.949

0.440

0.922

5

31

1:6:1

0.954

0.532

0.921

6

33

1:3:0.5

0.954

0.471

0.925

2

35

1:3:2

0.935

0.544

0.901

10

* The rank is based on the thermal efficiencies calculated. Rank “1” represents the highest
efficiency and rank “12” is the lowest one.
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Almost all Cu-Mn-Fe oxide NPs pigmented coatings have a thermal efficiency over
90%, except for syn23 and syn25. As mentioned in Chapter 3.2, both syn23 and syn25 are
spinel dominant with a high Fe:Mn ratio. The optical performance reveals that a clean
single-phase spinel is not necessarily needed for the coating and a second Mn2O3 phase did
not harm the thermal efficiency enhancement, which is further verified by a few highranking batches. There is no evidence showing any preference of CuMn2O4 or CuFe2O4
dominant in the spinel phase, indicating that the molar ratio between Mn and Fe in the
starting materials is probably not a key factor that affects the overall efficiency, giving a
guidance to the further optimization of spinel nanoparticles.
Among all, coating with batch 24th NPs shows the best thermal efficiency of 93.1%
and hence was selected for further test on tube section and thermal cycle test at 750 ºC.
Syn29 was also chosen for further investigation due to its low thermal emittance as well as
a relatively high solar absorptance.
An extra comparison was made between the coating with syn24 (the best batch in the
Cu-Mn-Fe oxide family) NP pigmented solar selective coating and the Pyromark 2500
coating. Figure 3.11 exhibits the absorption spectra calibrated with reference white block
in the UV to NIR regime and the IR emission spectra. From 200 nm to ~ 1800nm,
enhancement in solar absorptance can be observed by utilizing Cu-Mn-Fe oxide
nanoparticles as pigments to form the coating while Pyromark coating still shows more
absorption from ~ 1800 nm to 2500 nm. Since the solar spectrum is predominantly at <1800
nm, the overall solar absorptance of our coating is still notably higher than Pyromark 2500.
Furthermore, compared to Pyromark 2500 with a thermal emittance up to ~ 90% for the
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whole IR spectrum shown in Figure 3.11b, a large decrease in the thermal emittance (drops
from ~ 70% at 3 μm to ~ 20% near 7 μm) displays the selectivity possessed by syn24coating clearly. This assists in reducing the energy loss effectively and thus leads to an
elevated optical-to-thermal efficiency of our syn24 NP pigmented solar selective coating.
Therefore, overall, the FOM is increased from 90.4% of Pyromark to 93.1% from syn24
solar selective coating.

Figure 3.11 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of syn24 Cu-Mn-Fe oxide NP-pigmented solar
selective coating on the Inconel 625 substrate after 24h annealing at 750 ºC compared with
Pyromark 2500 coating.

3.4 Simulation Results and Mechanism Discussions of Cu-Mn-Fe Oxide System
To model the optical response of the nanoparticle-pigmented coatings and guide the
optimization of coating fabrication, our research scientist, Xiaoxin Wang, utilized fourflux radiative method to process the optical data obtained from Cu-Mn-Fe oxide
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nanoparticle pigmented coatings on quartz substrates for the derivation of optical properties.
Fig. 4a shows the flow chart of modeling based on the four-flux radiative method.

Figure 3.12 Flow of determination of the material refractive index of nanoparticles based

on Mie scattering theory and four-flux radiative method (courtesy of Dr. Xiaoxin Wang).

The cross sections of scattering (Csca) and absorption (Cabs) of spherical NPs with a
given average size were calculated using Lorenz-Mie theory (Mieplot software) based on
the relative refractive index of NPs to that of medium. The absorption and scattering
coefficients, K an S, of the pigmented coating are calculated by taking into account volume
V and volume fraction f of nanoparticles. K and S, together with coating thickness d, are
then treated as input of the four-flux radiative models for reflectance R and transmittance
T calculations. In order to inversely determine the refractive index of the NP material from
the measured R and T, two iterative loops of curve fitting are introduced. One loop involves
K and S derived from experimental data, and the other one uses the analytical Mie
scattering to obtain the new refractive index of the NP material from the K, S. The derived
optical properties are then taken as input to describe the multiple scattering behaviors of
light interacting with pigmented coatings. This computation model was confirmed by
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commercial nanoparticles (Mn2O3 and MnFe2O4) as well as Ref. [33], [86] and details of
simulation could be examined from the published work.

3.4.1

Coating Thickness and Volume Fraction Determination

To obtain the essential modeling parameters, coating thickness, the coatings were
characterized by SEM. Figure 3.13 shows SEM images tilted by 45 degrees for thickness
determination of batch 24th Cu-Mn-Fe NP-pigmented solar selective coating on the Inconel
625 substrate. Clear edges can be seen from the images and the coating thickness is
estimated to be ~ 8.5 µm.

Figure 3.13 (a) and (b) SEM images tilted by 45 degrees for thickness determination of batch

24th Cu-Mn-Fe NP-pigmented solar selective coating on the Inconel 625 substrate after 24h
annealing at 750 ºC.

A profilometer was also utilized to determine the coating thickness by measuring the
height difference between coated and non-coated regions. According to Figure 3.14a, clear
edges of the coated areas are distinguished from the bare substrate and the height difference
varies when the scanning probe moves to a new region. The extreme value occurring near
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0.4 mm represents a bumpy structure near the edge with a height over 25 μm. An average
coating thickness is calculated to be ~7.1 μm with a standard deviation of 1.6 μm in a
detecting length of 0.3 mm. The digital microscope helps visualize the surface roughness
and we can see fluctuations of the height within 6 μm (coated region mainly with green
color) from the color bar in Figure 3.14b. In rare cases, bumpy structures can be observed,
which is in agreement with the height detected in Figure 3.14a. These peaks reaching ~30
μm are due to clusters on the surface formed during the fabrication process, which matches
the morphology observed from previous SEM images. Figure 3.14c provides the height
difference between two selected points directly and the average value of ~7 μm further
confirms the estimation of 8.5 μm generated from SEM cross-section image within the
error range.

Figure 3.14 Roughness information of batch 24th Cu-Mn-Fe NP-pigmented solar selective

coating on the Inconel 625 substrate after 24h annealing at 750 ºC. (a) Height of the surface
obtained from profilometer, (b) and (c) images obtained from digital microscope.
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A volume fraction estimation was conducted according to the parameters used during
the fabrication process, including the weight percentage of nanoparticles in the precursor,
the density of each nonvolatile component, and the average coating thickness of 8.5 μm (as
discussed above). Assuming no excessive loss of nanoparticles during the coating process
and annealing process, we obtain an estimation of volume fraction f ~13 vol. %. These two
parameters are hence used to determine the optical properties of Cu-Mn-Fe oxides.

3.4.2

Discussion on Calculated Band Gap

Absorption coefficients of Cu-Mn-Fe oxide (syn24 and syn29) and CuMn2O4 (syn42,
for comparison) were generated based on the four-flux radiative method and essential
parameters mentioned above. Optical data collected from coatings on both quartz and
Inconel substrates were utilized for simulation. Details could be checked from a manuscript
to be submitted.
Critical to the optical performance is the absorption spectrum of Cu-Mn-Fe oxide NPs.
As shown in Figure 3.15a, the calculated effective absorption coefficient of Cu-Mn-Fe
oxide (syn24 and syn29) and CuMn2O4 (syn42) nanoparticle pigmented coating is larger
than 104 cm-1 almost for the entire solar spectrum. Generally, the iron-free syn42 sample
exhibits the highest absorption coefficient and it even goes up to 105 cm-1 as the photon
energy increases to ~ 2 eV. Both syn24 and syn29 show a bit lower absorption, with syn24coating demonstrating a smaller absorption at above 1.55 eV (corresponding to the
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wavelengths λ < 800 nm) while more infrared absorption than syn29-coating when the
photon energy is below 1.55 eV (λ ~ 800 - 2500 nm).

Figure 3.15 (a) Comparison of corresponding determined effective absorption coefficients
of NP-coatings. (b) direct and (c) indirect bandgap Tauc plots of the spinel Cu-Mn-Fe oxide
NPs. (d) absorption spectrum beyond the indirect bandgap and the corresponding Gaussian
peaks fitting of syn24 nanoparticles.

Figure 3.15b and c are the Tauc plot utilized to determine the bandgap. The Tauc plot
was obtained by a linear fit of (αhν)n vs. photon energy hν, where n=2 for a direct bandgap
transition and n=1/2 for an indirect bandgap transition. Table 3.4 summarizes the bandgaps
of as-synthesized and commercial nanoparticles along with the solar absorptance of
nanoparticle-pigmented coatings on Inconel. Considering most of the nanoparticles are bi-
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phase, the columns of spinel bandgap excluding the effect of Mn2O3 phase. Taking into
account the volume concentration of impurity Mn2O3 (0 - 6.5%), it can be found that Mn2O3
phase actually make insignificant contribution to the solar absorption of synthesized NPcoatings, particularly, in the wavelength range of 800 - 2500 nm.
To single out the absorption spectrum beyond the indirect bandgap, we subtract the
indirect bandgap absorption (as derived from the Tauc plot) and generate the absorption
coefficient as shown in Figure 3.15d for syn24. Two broad Gaussian absorption bands
peaked centered at 1.06 and 2.03 eV are clearly identified for syn24, which correspond to
typical d-d transitions between the split d levels of transition metal ions induced by
tetrahedral or octahedral ligand (crystal) field [109]. The energy ratio of these two peaks is
0.52, which is very close to the expected ratio of 4/9 for tetrahedral site vs. octahedral site
d-d transition energies in spinel structures [110]. Thus, the 1.06 eV and 2.03 eV absorption
bands can be attributed to tetrahedral and octahedral site d-d transitions, respectively. Note
that in most of these d-d transitions, the excited electron still remains localized to the
transition metal ion instead of becoming a free electron in the conduction band, therefore
the transition energy is lower than the bandgap. The 1.06 eV peak is between the tetrahedral
site Cu2+ absorption band peaked at ~0.8 eV [110]–[112] and that of Mn3+ peaked at ~1.2
eV, [109], [113] suggesting both types of ions on tetrahedral sites have contributed to this
NIR d-d absorption band. Typically, the oscillation strength of tetrahedral d-d transition is
stronger than their octahedral counterparts due to broken inversion symmetry that enables
various spin-forbidden transitions [109], [110]. In our case, on the other hand, the
octahedral d-d absorption at 2.03 eV is stronger than tetrahedral absorption at 1.06 eV. This
result indicates that a relatively small fraction of Cu2+ and Mn3+ cations occupy tetrahedral
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sites compared to octahedral sites. Such a distribution is beneficial to solar selectivity since
a decrease in absorption beyond the optimal cut-off wavelength of 2475 nm (hv<0.5 eV) is
needed, as mentioned earlier.

Table 3.4 Bandgaps of as-synthesized and commercial nanoparticles along with the solar
absorptance of nanoparticle-pigmented coatings on Inconel.
Cu:Mn:Fe

Effective Eg (eV)

Spinel Eg (eV)

Batch
(starting)

indirect

direct

indirect

direct

syn23

1:0.5:1.5

1.94

3.17

1.94

3.17

syn24

1:3:1

1.93

3.25

2.08

3.28

syn25

1:1:3

1.88

3.25

2.02

3.25

syn26

1:6:2

1.65

3.16

1.66

3.13

syn29

1:4:1

1.74

2.73

1.75

2.48

syn31

1:6:1

1.59

3.10

1.98

3.11

syn33

1:3:0.5

1.61

2.94

1.83

2.80

syn35

1:3:2

1.67

2.97

1.75

2.99

syn42

1:2:0

-

1.87 &3.50

-

1.84&3.42

Mn2O3

Purchased

-

1.97&2.96

-

-

* The calculation of effective bandgaps takes into account Mn2O3 impurity.

Beyond that, ligand-metal charge transfer between O2- and Fe2+/Fe3+ is reported to
bring a broad absorption band below 300 nm [63]. Potential charge transfer reactions
between Cu2+ and Mn3+ can also contribute to the outstanding absorbing behaviors. Both
CuMn2O4 and CuFe2O4 [114]–[116] are reported to have the Jahn-Teller effect, which is
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closely related to the electronic configurations of the cations. The occurrence of Jahn-Teller
distortion could further lower the symmetry to some extent and thus enable some of the
spin-forbidden transitions, adding to the absorption strength [109]. Details will be shown
for Cu-Mn-Cr oxide nanoparticles in Chapter 5.
Based on the absorption spectra of the spinel Cu-Mn-Fe oxide NPs, we further
modeled the spectrally integrated solar absorptance αSolar for 1000x solar concentration at
750ºC. The solar absorptance of synthesized NP-pigmented coatings is optimized using the
determined effective absorption and scattering cross sections of NP (details in a manuscript
to be submitted), which takes into account Mn2O3 impurity phase. Figure 3.16a and b show
αSolar contour maps of syn24 and syn42, respectively, as a function of NP volume fraction
and coating thickness when dispersed in silicone matrix for the solar absorber coating. It
follows the rule that the product of coating thickness and NP volume fraction achieves the
similar contour lines of solar absorptance. Clearly, large regimes exist to offer a solar
absorptance >95.6% for syn24-coatings and >96.9% for syn42-coatings, respectively, with
coating thickness d extending from 7.5 µm to 15 µm and the NP volume fraction f ranging
from 5 % to 15%. It indicates a high fabrication tolerance in coating thickness and NP
volume fraction, greatly facilitating low-cost and highly scalable spray-coated solar
selective absorbers.
From the modeling, we expect a solar absorptance of 95.57% and 96.85% for syn24coatings and syn42 coatings. The experimental point (f=13%, d=8.5 µm) of our coating is
indeed one of the optimized cases sitting in these regimes, indicated with a red star in
Figure 3.16a and b. By comparison, the theoretically modeled values agree well with the
experimental results (96.5% for syn24 and 96.9% for syn42). It confirms that the obtained
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optical properties of NPs with our approach are reliable and can be used as a guidance to
conduct further optimization on nanoparticle pigmented solar selective coatings.

Figure 3.16 Color mapping of solar absorptance vs. NP volume concentration and coating
thickness, (a) Syn24 NP-coating, and (b) Syn42 NP-coating. The determined effective
scattering and absorption cross sections of Syn24 and Syn42 are used in the four-flux
radiative modeling, respectively. The red stars indicate the NP-pigmented coating with a
NP volume fraction of 13% and a coating thickness of 8.5 µm.

3.5 Comparison with Ni-Mn-Fe
Along with the Cu-Mn-Fe oxide family, another transition element incorporated spinel
structure oxide, Ni-Mn-Fe oxide, was prepared via co-precipitation method as well. Ni was
taken into consideration since it can substitute Cu and take the position as a divalent ion.
Nickel nitrate (Ni(NO3)2·6H2O, Sigma-Aldrich, crystals or chunks), manganese nitrate
(Mn(NO3)2·4H2O, Alfa Aesar, 98%) and ferric chloride (FeCl3·6H2O, Amresco, ACS
Grade) were used as the starting materials. Only one batch of Ni-Mn-Fe oxide
nanoparticles, batch 28th, was prepared. We utilized 0.002mol nickel nitrate (0.582g),
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0.006mol manganese nitrate (1.506g) and 0.002mol ferric chloride (0.54g) for the synthesis.
Ni-Mn-Fe nanoparticle pigmented solar selective coatings were also fabricated by the hot
spray coating method with the same procedure and parameters.

Figure 3.17 Photos of Ni-Mn-Fe oxide nanoparticles (a) kept in glass vials and (b)
pigmented solar selective coating on the flat Inconel 625 substrate.

A photo of Ni-Mn-Fe oxide nanoparticles kept in a glass vial and the coated sample
can be viewed in Figure 3.17. Actually, a color difference could be directly observed from
naked eyes. The nanoparticles show gray color instead of black color, reflecting a weaker
solar absorbing ability compared to the Cu-Mn-Fe oxide family.
Similarly, we examined the crystallinity of the as-synthesized Ni-Mn-Fe oxide NPs
via XRD analysis. A number of peaks were observed from Figure 3.18, indicating a
complex chemical composition formed with multiple phases detected. We could still
distinguish characteristic peaks of spinel structures and cubic alpha-Mn2O3. Diffraction
patterns of NiMn2O4 [117], NiFe2O4 [118] and Ni1-xCuxMn2O4 [119], [120] were referred
to for comparison. It demonstrates that the as-synthesized NPs are a mixture of Mn2O3 and
spinel phase.
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Figure 3.18 XRD pattern of Ni-Mn-Fe NP-pigmented solar selective coating on the
Inconel 625 substrate after 24h annealing at 750 ºC.

Optical measurement was conducted to provide a quantitative evaluation of the
performance of pigmented coating with batch 28th Ni-Mn-Fe oxide NPs on the Inconel 625
substrate after 24h annealing at 750 ºC. According to Figure 3.19a, the coating exhibits
high absorption over 95% from 250 nm to 700 nm while a steep drop to 90% at 1000 nm
and 57% at 2500 nm was observed. A much earlier cutoff than Cu-Mn-Fe system indicates
its relatively poorer absorbing properties. When it moves to the FTIR spectrum (Figure
3.19b), a similar thermal emittance behavior was shown to confirm the selectivity of spinel
structure Ni-Mn-Fe oxide nanoparticle pigmented coating. The FOM was calculated for a
direct comparison. Though a lower emittance loss of 39.5% was achieved, the absorptance
was only about 91.0%, and hence the thermal efficiency of this Ni-Mn-Fe oxide based solar
selective coating was only ~88.6%.
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Based on all the observations and discussions above, Ni may not be a good candidate
to replace Cu from the current Cu-Mn-Fe oxide system. It is therefore wise to skip further
investigation on Ni as the dopant and move forward to develop other systems.

Figure 3.19 (a) absorption spectra in the UV to near-IR regime and (b) IR emission spectra
of Ni-Mn-Fe NP-pigmented solar selective coating on the Inconel 625 substrate after 24h
annealing at 750 ºC.
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Chapter 4 Thermal Stability Check on Cu-Mn-Fe Oxide Nanoparticle
Pigmented Solar Selective Coatings
4.1 Performance Investigation on Coating on Tube Sections
Cu-Mn-Fe oxide nanoparticle pigmented solar selective coatings were proved to show
outstanding optical properties as discussed in Chapter 3. To check the availability of such
coatings working on tube sections, Inconel 625 pieces with an outer diameter (OD) of 76
mm were mainly utilized as the substrate for performance investigation. Coatings on a few
other tube sections, including SS with OD of 45mm and 80 mm, were also prepared for
verification of the compatibility. For the easier reading purpose, in the following sections,
the Inconel 625 with OD of 76 mm is shortened for curved Inconel. Selected batches of the
Cu-Mn-Fe oxide family, syn24 and syn29, were used to prepare the coatings on curved
Inconel substrates.
Figure 4.1a and b show SEM images of syn24 coatings on (a) flat and (b) curved
Inconel substrate. The surface morphology of coatings on the flat Inconel substrate is
identical to the flat one and similar porous structures can be observed. Together with the
tests on curved SS substrates, this indicates that the spray-coated absorber layers are
compatible with various curved alloy substrates.
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Figure 4.1 SEM images of syn24 coatings on (a) flat and (b) curved Inconel substrate. (c)
Absorption spectra calibrated with reference white block in the UV to near-IR regime and
(d) IR emission spectra of syn24 Cu-Mn-Fe oxide NP-pigmented solar selective coating on
the flat and the curved Inconel substrate after 750 ºC 24h annealing in air.

Optical performances were evaluated by collecting absorption data in UV-vis-NIR
regime and emission data in the IR regime. According to Figure 4.1c, the coating fabricated
on the curved Inconel substrate shows a bit better performance than that on the flat substrate.
Peak value over 97% was reached from 300 nm to 1500 nm. The absorption shows a gently
decreasing tendency before ~ 1900 nm yet drops below the curve of syn24 coating on the
flat substrate. When it further extends to longer wavelengths in the NIR regime, a value
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around 89% is reached. The selectivity behavior of syn24 coating on curved substrate is
weakened to some extent as shown in Figure 4.1d, but a thermal efficiency improvement
of ~0.4% is achieved compared to the flat one, with a solar absorptance of 97.2%, a thermal
emittance of 59.8% and an overall efficiency of 93.5%.
Similar cases are observed for syn29 coatings on flat and curved Inconel substrates
from the morphological aspect. Through FOM calculation, the syn29 coating on curved
Inconel substrate shows a thermal efficiency of 93.1%, with a solar absorptance of 96.2%
and a thermal emittance of 50.4%. It is interesting to see the same trend for both syn24 and
syn29 coatings that the curved geometry helps improve the solar absorptance though
accompanied by the increased emittance loss simultaneously. Nevertheless, since the solar
absorptance accounts more for the thermal efficiency, an overall enhancement is observed
for coatings on the curved Inconel.

4.2 Study on Thermal Stability of Cu-Mn-Fe Oxide System
In view of the lifetime required in practical applications, the thermal stability of CuMn-Fe oxide nanoparticle pigmented solar selective coating was studied. Coatings on both
flat and curved Inconel 625 substrates were used for thermal stability check. A total of 60
simulated day-night thermal cycles (total annealing time of 720h at 750 ºC) were designed
to be carried out for stability tests for syn24 and syn29 coatings, respectively. In each
simulated day, the samples were heated up to the target temperature of 750 ºC at a rate of
9.1 ºC/min and dwelled for 12h. Then the samples were cooled down to room temperature
until the start of the next day. Characterizations were done for each 10 day-night simulated
cycles.
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4.2.1

Materials Characterization of syn24 Coating Cycled at 750 ºC

To simplify the discussion on the change of crystal structure and surface morphology,
data collected from coatings on the flat Inconel surface were utilized for comparison since
XRD peaks on curved substrates may shift from the actual positions. Coatings on the
curved Inconel substrate were characterized as well and can be regarded identical to the
flat ones.

Figure 4.2 SEM images of syn24 Cu-Mn-Fe oxide NP-pigmented solar selective coating
on the flat Inconel substrate after 30 and 60 day-night cycles at 750 ºC compared with 24h
annealed case.

SEM images were captured for syn24 Cu-Mn-Fe oxide NP-pigmented solar selective
coatings on flat Inconel after 30 and 60 day-night cycles at 750 ºC compared with the 24h
annealed case as shown in Figure 4.2. It was initially assumed that limited time for thermal
shrinkage might lead to huge cracks or, even worse, failure of the whole sample. In reality,
from the images obtained, we find no deterioration in coating integrity or appreciable
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changes in morphology after 60 cycles between 750 ºC and 25 ºC. The dimension of pores
or cracks are of almost the same magnitude as before, negligible change happening. It is
likely that the porous structure leaves room for thermal expansion/contraction and fights
against the strain and stress caused by long-time thermal cycles, making it resistant to the
failure when weathering long-time thermal cycles.
EDS analysis was conducted on syn24 coating after 60 day-night simulated cycles to
observe the distribution of each element on the surface. Figure 4.3a shows surface
morphology of the studied region and Figure 4.3b confirms that nanoparticles were well
distributed in the coating with the support from the Si-rich matrix. Figure 4.3c to h exhibits
the intensity of O, Si, Cu, Mn, Fe and Cr in the selected area of coatings on the Inconel
substrate. The brighter patterns shown in Figure 4.3e, f and g correspond to the clusters of
nanoparticles protruding from the surface. In the meantime, the brighter patterns in Figure
4.3h perfectly match the locations of pores and cracks observed in the morphological image
as shown in Figure 4.3a, which means that signals of Cr are detected from layers beneath
the coatings.
Quantitative analysis was carried out to see the atomic percentage of each element
after thermal cycles and Cu, Mn and Fe contents remain almost the same as expected.
Notably, Cr was detected on upper layers and took 5.6% weight percentage of all elements.
Since there is no Cr content in the as-synthesized Cu-Mn-Fe oxide nanoparticles, it is
reasonable to conclude that the surface of Inconel substrate was partially oxidized during
the high-temperature thermal cycles and Cr has diffused and emerged into the upper layers
of the coating. Meanwhile, Ni signals were not detected based on the EDS data, indicating
that Cr is more energy favorable to diffuse and form protective oxides on the surface [121].
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This is confirmed by the occurrence of dominant Cr2O3 reported by Bayrak for Inconel 718
super alloy after oxidation process at 700 ºC [122]. The inter-diffusion reaction between
the substrate and the coating under very high temperature can add to the adhesion in
between and hence improve the mechanical stability against slight scratches.

Figure 4.3 EDS mapping of syn24 Cu-Mn-Fe oxide NP-pigmented solar selective coating
on the Inconel substrate after 60 day-night simulated cycles at 750 ℃. (a) Morphological
image of the detected area. Color maps show distribution of (b) all elements, (c) O, (d) Si,
(e) Cu, (f) Mn, (g) Fe and (h) Cr, respectively.

XRD measurement was conducted after every 10 day-night thermal cycles to check
the phase stability under high-temperature conditions. Figure 4.4a was plotted with each
intermediate state and generally, the syn24 coating shows similar diffraction patterns after
thermal cycles at 750 ºC. There are a few peaks, mainly coming from Cr2O3, emerging due
to the oxidation of the Inconel substrate, which is consistent with the occurrence of Cr
detected in the upper layers based on EDS results. The peak position of the characteristic
spinel (311) peak is closely examined as shown in Figure 4.4b. Slight changes are observed
within the error range, indicating that no distinguishable change in the spinel phase.
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Figure 4.4 (a) Full XRD patterns and (b) close examination on (311) peak of syn24 CuMn-Fe oxide NP-pigmented solar selective coating on the flat Inconel substrate after every
10 day-night cycles at 750 ºC compared with 24h annealed case.

4.2.2

Optical Properties of syn24 Coating Cycled at 750 ºC

The following spectra discussions are mainly focused on the coatings on curved
Inconel substrates since they display a better optical performance than the flat ones. The
flat ones will be later discussed for FOM comparison.
Figure 4.5 shows UV-vis-NIR spectra collected from syn24-coatings on curved
Inconel 625 substrate after 10, 30 and 60 day-night thermal cycles (annealing for 120h,
360h and 720h) compared with 24h annealed case. Interestingly, the absorption in the NIR
regime from ~ 1800 nm to 2500 nm increases after the first 10 day-night cycles. Since there
is no evidence showing any phase change in the spinel structure from the XRD results
mentioned above, one potential cause could be the re-distribution of nanoparticles during
the heat treatment process so as to enable much more uniform coating layers for a better
optical performance. In general, the absorption tends to decrease gradually when more
cycles undergo but remains at a value over 93% for the full spectrum after 60 day-night
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thermal cycles. An obvious absorption valley located at ~ 1200 nm can be seen after 60
simulated day-night cycles. Based on the FOM calculation, the solar absorptance drops by
~1.7% for the syn24-coating on the curved Inconel substrate after 60 day-night thermal
cycles at 750 ºC.
The thermal emittance after cycles shown in Figure 4.5b can be considered at the
similar level of ~50 - 60% as the 24h annealed case. A difference of ~10% is observed for
the coating after 10 day-night simulated cycles. Considering the cycle-10 curve observed
in the absorption spectra, there is possibility that the overestimated thermal emittance of
the 24h annealed case was due to the non-uniform coating layers of the region where data
were collected. As longer-time thermal cycles were carried out, the surface of the super
alloy substrate was covered more uniformly with oxides, leading to a larger thermal
emittance. When the oxidation layer was thick enough, no further emittance change
happened. The weakened emittance between 8 and 10 μm is observed probably because of
the decomposition of silicone resins.

Figure 4.5 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of syn24 Cu-Mn-Fe oxide NP-pigmented solar
selective coating on the curved Inconel substrate after 10, 30 and 60 day-night cycles at
750 ºC compared with 24h annealed case.
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To further figure out the reason why such thermal efficiency reduction is observed
after thermal cycles, optical properties of Inconel substrate and silicone resin are
investigated. Solar absorption spectra and IR thermal emission spectra are plotted as shown
in Figure 4.6.

Figure 4.6 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of the Bluesil 6406 silicone resin coated flat Inconel
625 piece. Extra 10 day-night thermal cycles at 750 ºC were carried out for investigations.

According to Figure 4.6a, the Bluesil coated Inconel substrates show relatively low
absorption ranging from ~ 40% to ~ 70% for almost the full spectrum, only with enhanced
absorption at ~ 300 nm. After 24h annealing at 750 ºC, typical absorption features of Cr2O3
located at 360, 450 and 600 nm are observed [123], which is in agreement with the XRD
and EDS results mentioned in early sections. Another broad absorption band occurs at ~
1900 nm and it could be brought by the formation of certain types of oxides from the
Inconel substrate. After 10 day-night thermal cycles, increased solar absorption from ~ 300
nm to 2500 nm was noticed and the absorption valley initially lying at ~ 900 nm redshifts
to ~ 1200 nm. Such position perfectly matches the shape we observed in the syn24 coatings
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after 60 day-night thermal cycles, indicating the role played by the Bluesil silicone coated
Inconel substrate during the high-temperature heat treatment process. From Figure 4.6b, it
is noticed that the emittance beyond ~ 8 μm is greatly suppressed after the heat treatment
at 750 ºC, confirming the corresponding lower emittance found in syn24-coatings after
thermal cycles.

Table 4.1 FOM (calculated at 750 ºC and C=1000) of syn24 Cu-Mn-Fe oxide NPpigmented solar selective coating on flat and curved Inconel substrates for every 10 daynight thermal cycles at 750 ºC.
FOM (T = 750 ºC, C = 1000)

# of Simulated
Substrate
Cycles

α

ε

η

0

0.965

0.545

0.931

10

0.956

0.573

0.920

20

0.952

0.571

0.916

30

0.949

0.571

0.914

40

0.946

0.557

0.912

50

0.945

0.500

0.914

60

0.943

0.562

0.908

0

0.972

0.598

0.935

10

0.967

0.542

0.934

20

0.965

0.623

0.926

30

0.962

0.619

0.923

40

0.959

0.554

0.924

50

0.957

0.653

0.917

60

0.955

0.600

0.918

Flat
Inconel

Curved
Inconel
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Table 4.1 summarizes the FOM of syn24-coating on flat and curved Inconel substrates
for every 10 day-night thermal cycles at 750 ºC. Overall, the syn24-coating on the curved
Inconel substrate shows a solar absorptance of 95.5%, an emittance loss of 60.0% and a
thermal efficiency of 91.8% after 60 day-night thermal cycles at 750 ºC. The flat exhibits
slightly weaker absorbing behaviors after thermal cycles, with a solar absorptance of 94.3%,
an emittance loss of 56.2% and a thermal efficiency of 90.8%.

4.2.3

Materials Characterization of syn29 Coating Cycled at 750 ºC
Due to the severe thermal degradation of optical properties observed from syn29-

coatings on the flat Inconel substrate, the as planned 60 day-night simulated thermal cycles
were shortened to 30 thermal cycles for all syn29-coatings.
SEM images are shown in Figure 4.7 for syn29 Cu-Mn-Fe oxide NP-pigmented solar
selective coatings on flat Inconel after 10 and 30 day-night cycles at 750 ºC compared with
the 24h annealed case. After careful comparison, no deterioration was found in coating
integrity or appreciable changes after 30 thermal cycles between 750 ºC and 25 ºC. The
porous structure remains the same and helps fight against the thermal degradation in
surface morphology.
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Figure 4.7 SEM images of syn29 Cu-Mn-Fe oxide NP-pigmented solar selective coating
on the flat Inconel substrate after 10 and 30 day-night cycles at 750 ºC compared with 24h
annealed case.

XRD measurement was carried out on syn29 Cu-Mn-Fe oxide NP-pigmented solar
selective coating on the flat Inconel substrate after every 10 day-night thermal cycles. As
shown in Figure 4.8a, similar diffraction patterns of syn29-coating are observed after
thermal cycles at 750 ºC. Compared to the 24h annealed case, stronger signals are noticed
for the Mn2O3 (222) peak after high-temperature annealing process. Close examination on
the peak position of the characteristic spinel (311) peak was conducted as shown in Figure
4.8b. As discussed in Chapter 3, the (311) peak of syn29 consists of two sub-peaks located
at ~35.5° and ~35.8°, respectively. Surprisingly, after 10 day-night simulated thermal
cycles at 750 ºC, those two sub-peaks tend to merge at ~35.5°. Slight changes are observed
within the error range for the following cycles, indicating the formation of one single spinel
phase. The final peak position can be ascribed to the characteristic peak of CuFe2O4 and
this nicely explains the more intense peak of Mn2O3 found in the full diffraction
patterns due to phase separation from the original spinel structure. Compared to syn24, the
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Mn:Fe ratio is indeed increased from 3:1 to 4:1 in syn29, which leads to the observed phase
separation.

Figure 4.8 (a) Full XRD patterns and (b) close examination on (311) peak of syn29 CuMn-Fe oxide NP-pigmented solar selective coating on the flat Inconel substrate after every
10 day-night cycles at 750 ºC compared with 24h annealed case.

4.2.4

Optical Properties of syn29 Coating Cycled at 750 ºC

Figure 4.9 shows UV-vis-NIR spectra collected from syn29 Cu-Mn-Fe oxide
nanoparticle pigmented coatings on curved Inconel 625 substrate after 10, 20 and 30 daynight thermal cycles compared with 24h annealed case. Similarly, the absorption of syn29
coating tends to decrease gradually with more thermal cycles. The absorption valley
located at ~ 1200 nm is identical to what is observed for syn24 coating and can be regarded
as the effect of the silicone coated substrate after thermal cycles. Based on the FOM
calculation, the solar absorptance drops by only ~0.4% for the syn29-coating on the curved
Inconel substrate after 30 day-night thermal cycles at 750 ºC.
The thermal emission after cycles shown in Figure 4.9b can be considered stable within
the range of ~ 40 – 60% after the first 10 day-night cycles. Yet, emittance loss starts to
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increase after 20 thermal cycles and reaches up to ~ 60 – 70% after 30 day-night simulated
cycles, with an emittance loss of 61.2% calculated at 750 ºC.

Figure 4.9 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of syn24 Cu-Mn-Fe oxide NP-pigmented solar
selective coating on the curved Inconel substrate after 10, 20 and 30 day-night cycles at
750 ºC compared with 24h annealed case.

Table 4.2 summarizes the FOM of syn29-coating on flat and curved Inconel substrates
for every 10 day-night thermal cycles at 750 ºC. Though possessing a relatively low
thermal emittance in the Cu-Mn-Fe oxide family, syn29-coatings gradually lose their
advantages and show more emittance loss after thermal cycles. Eventually, the syn29coating on the curved Inconel substrate ends up with a solar absorptance of 95.9%, an
emittance loss of 61.2% and a thermal efficiency of 92.1% after 30 day-night thermal
cycles at 750 ºC. However, the flat exhibits much more severe thermal degradation, only
with a solar absorptance of 92.4%, an emittance loss of 54.1% and a thermal efficiency of
89.1%.
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Table 4.2 FOM (calculated at 750 ºC and C=1000) of syn29 Cu-Mn-Fe oxide NPpigmented solar selective coating on flat and curved Inconel substrates for every 10 daynight thermal cycles at 750 ºC.
FOM (T = 750 ºC, C = 1000)
Substrate

# of Simulated Cycles
α

ε

η

0

0.949

0.440

0.922

Flat

10

0.935

0.474

0.906

Inconel

20

0.930

0.450

0.902

30

0.924

0.541

0.891

0

0.962

0.504

0.931

Curved

10

0.959

0.517

0.927

Inconel

20

0.959

0.532

0.926

30

0.959

0.612

0.921

Figure 4.10 FOM plot shows thermal efficiencies of syn24 and syn29 Cu-Mn-Fe oxide
NP-pigmented solar selective coating on both the flat and the curved Inconel substrates
after every 10 day-night thermal cycles at 750 ºC. It is more straightforward to view the
trend of thermal efficiency throughout the thermal cycles for both batches.
By comparison, the syn24 coating on curved Inconel substrate exhibits a quite high
thermal efficiency of 93.5% after 24h annealing at 750 ºC in air. It starts to drop to 92.6%
when 20 simulated day-night thermal cycles are done. As the following cycles proceed, the
efficiency finally stabilizes at ~92% and fluctuates within a small range. Similar cases are
noticed for syn24 coating on the flat Inconel substrate and the thermal efficiency is about
1% lower than the curved one. For coating with syn29 NPs on the flat Inconel substrate, a
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sudden drop of thermal can be observed even from the first 10 day-night cycles and it keeps
decreasing in the following thermal cycles. A milder efficiency reduction is noticed for the
curved one and possibly it is worth trying more cycles on the curved one. The higher Mn:Fe
ratio leads to phase separation in syn29 after thermal cycling and degrades the optical
performance.
1.00
syn24 flat
syn24 curved
syn29 flat
syn29 curved

FOM

0.96

0.92

0.88

0

10
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30

40

50

60

# of Simulated Day-Night Cycles

Figure 4.10 FOM plot showing thermal efficiencies of syn24 and syn29 Cu-Mn-Fe oxide
NP-pigmented solar selective coating on both the flat and the curved Inconel substrates
after every 10 day-night thermal cycles at 750 ºC. “0 cycle” represents the 24h annealed
case.

4.3 Comparison of Thermal Stability with CuMn2O4 Coating
Additional thermal cycles at 750 ºC were carried out on syn42 CuMn2O4 NPpigmented solar selective coating on the flat Inconel substrate for comparison. Similar
surface morphologies were observed and we skip the discussion here to avoid the repetitive
narratives. Due to some technical issues, XRD data of syn42-coating after 10 day-night
thermal cycles were not collected. XRD patterns shown in Figure 4.11a exhibits typical
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diffraction patterns of spinel phase along with the characteristic (222) peak of
simultaneously formed Mn2O3. According to Figure 4.11b, close examination on the spinel
(311) peak reveals a small peak position shifting from ~35.8°to ~35.9°after 20 day-night
thermal cycles. Another sub-peak shows up at ~35.4°indicates a spinel phase with a larger
lattice constant. Given that the lattice constants of CuMn2O4, CuCr2O4 and MnCr2O4 are
8.33 Å, 8.27 Å and 8.437 Å [107], it is reasonable to conclude that Cr from the Inconel
substrate has inter-diffused into the coating layers and potentially change the composition
of the pigmented nanoparticles from Cu-Mn oxide to Cu-Mn-Cr oxide.

Figure 4.11 (a) Full XRD patterns and (b) close examination on (311) peak of syn42
CuMn2O4 NP-pigmented solar selective coating on the flat Inconel substrate after 20 and
30 day-night cycles at 750 ºC compared with 24h annealed case.

UV-vis-NIR spectra collected from syn42-coatings on the flat Inconel substrate are
followed with curves of coating after 10, 20 and 30 day-night thermal cycles compared
with 24h annealed case shown in Figure 4.12. It is shocking that the absorption does not
decrease after thermal cycles at 750 ºC. On the contrary, an increasing enhancement from
~ 700 nm to 2500 nm is observed as more thermal cycles proceed. We can say with
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confidence that the syn42 CuMn2O4 NP-pigmented solar selective coating did not suffer
thermal degradation during the high-temperature process and even benefit from it probably
thanks to the introduction of Cr into the nanoparticles. This gives us an orientation towards
a new spinel oxide system for potential optimization in optical properties.
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Figure 4.12 Absorption spectra calibrated with reference white block in the UV to near-IR
regime of syn42 CuMn2O4 NP-pigmented solar selective coating on the flat Inconel
substrate after 10, 20 and 30 day-night cycles at 750 ºC compared with 24h annealed case.
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Chapter 5 Cu-Mn-Cr Oxide Nanoparticle Pigmented Solar Selective
Coatings
Considering the solar absorptance shown by the Cu-Mn-Fe oxide system, there is still
sufficient space to further enhance the photothermal efficiency. Inspired by the
improvement of CuMn2O4 nanoparticle pigmented coating brought by the interdiffusion
reaction after a few day-night thermal cycles, we decided to replace Fe with another
transition metal with valence three as a stable oxidation state, Cr, to prepare the Cu-Mn-Cr
oxide system and fabricate the corresponding nanoparticle pigmented solar selective
coatings.
The spinel-structure Cu-Mn-Cr oxide nanoparticles were also synthesized by the coprecipitation method and nanoparticle pigmented solar selective coatings were also
fabricated by the hot spray coating method. In this case, we will avoid the repeating
narrative sentences describing the same procedures and parameters, and will only show
synthesis and fabrication details that are different from the Cu-Mn-Fe oxide system here.
Copper nitrate (Cu(NO3)2·3H2O, Fisher Scientific, 99%, for analysis), manganese
nitrate (Mn(NO3)2·4H2O, Alfa Aesar, 98%) and chromium nitrate (Cr(NO3)3·9H2O,
Sigma-Aldrich, 99%) were used as the starting materials. An example of Cu-Mn-Cr oxide
nanoparticles, batch 30th, utilized 0.002mol copper nitrate (0.484g), 0.006mol manganese
nitrate (1.506g) and 0.002mol chromium nitrate (0.8g) for the synthesis. An example of
Cu-Mn-Cr oxide nanoparticles with different batches, the prepared solution kept in a spray
bottle, and coated samples can be viewed in Figure 5.1.
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Figure 5.1 A photo of Cu-Mn-Cr oxide nanoparticles (a) kept in glass vials and (b)
pigmented solar selective coating on the flat Inconel 625 substrate.

5.1 Cu-Mn-Cr Oxide Nanoparticles
5.1.1

Cu-Mn-Cr Oxide NP Materials Characterization

The morphology of as-synthesized nanoparticles was identified with TEM and images
(Figure 5.2) were taken for 3 different batches in the Cu-Mn-Cr oxide family. Similar
shapes as Cu-Mn-Fe oxide nanoparticles can be seen yet with lower degrees of
agglomeration, indicating potentially better dispersion during the solution-based
precipitation procedure. For as-analyzed batches with different Cu:Mn:Cr ratios, including
syn30(1:3:1), syn38(1:3:0.5) and syn39(1:3:2), the average sizes (diameters) are 34.1 nm,
36.7 nm and 33.2 nm, respectively. An average particle size of 50 nm is also used for the
theoretically modeling to make it comparable to the Cu-Mn-Fe oxide family.
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Figure 5.2 TEM images of Cu-Mn-Cr oxide nanoparticle size (diameter) distribution. (a)
syn30, (b) syn38 and (c) syn39 nanoparticles. (d) Nanoparticle size distribution histogram
of syn30. The average diameter is 31.03.6 nm. (e) A high-resolution TEM image of syn30
nanoparticles and (f) lattice fringes with a measured d-spacing (~0.481 nm) of (111) plane
observed from selected region in (e).

As shown in Figure 5.2d, particle size distribution histogram was generated for syn30
nanoparticles and the average diameter is around 31.0nm (±3.6). We took a high-resolution
TEM image as shown in Figure 5.2e and observed lattice fringes with the overlapping of
nanoparticles. We thus further zoom into the selected region and well aligned lattice fringes
are clearly shown in Figure 5.2f. The average d-spacing is measured to be ~ 4.81 Å, which
perfectly matches what we obtained from XRD measurement corresponding to (111) plane
of the spinel (centroid d-spacing of 4.816 Å). It is also close to reported values of CuCr2O4
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(~ 4.79 Å) [124] and CuMn2O4 (~ 4.81 Å) from published work and calculation based on
XRD database, confirming the presence of the spinel in as-synthesized nanoparticles.
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Figure 5.3 XRD patterns of syn30 Cu-Mn-Cr oxide as-synthesized nanoparticles loaded
on the Si(100) substrate.

Crystallinity examination was conducted for the as-synthesized syn30 Cu-Mn-Cr
oxide nanoparticles loaded on the Si(100) substrate as shown in Figure 5.3. We compared
diffraction patterns of cubic CuMn2O4 (PDF-00-034-1400) and CuCr2O4 (ICDD-34-0424)
with patterns of our as-synthesized nanoparticles and found typical peaks of (111), (220),
(311), (222), (400), (422), (511), (440) and (533) are attributed to spinel structure (heart
labeled) peaks, indicating the existence of spinel phase in the as-synthesized nanoparticles.
A lattice constant of a=8.307 Å was derived from the XRD data, which is between those
of cubic CuMn2O4 (a=8.331 Å) and CuCr2O4 (a=8.270 Å) [107] as expected for spinel CuMn-Cr oxide. A couple of small peaks from Mn2O3 are also observed, consistent with the
phase diagram reported for Cu-Mn spinel oxides with Cu:Mn <1 [89]. This reveals that the
as-synthesized Cu-Mn-Cr oxide nanoparticles are a two-phase mixture since we utilized
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the wet-chemistry method. The weight percentage of spinel phase is accordingly
determined to be 92.10% based on the RIR method mentioned in Chapter 3. The integrated
intensities of spinel (311) peak and Mn2O3 (222) peak were utilized for the weight
percentage determination. The weight percentage was further converted into molar ratio by
applying the molar mass of each phase (157.87g/mol for Mn2O3 and 231.54g/mol for spinel)
and the molar ratio of Cu-Mn-Cr spinel oxide to Mn2O3 is 1:(0.1420.018).
Quantitative analysis was also conducted to check the molar ratio between Cu, Mn and
Cr in as-synthesized nanoparticles. EDS data were collected for as-synthesized syn30
nanoparticles and an average Cu:Mn:Cr molar ratio of 1.0:3.3:1.2 was obtained, which is
close to the targeted ratio as the starting materials.
Additional bonding conditions verification was also conducted for syn30 Cu-Mn-Cr
oxide nanoparticles via FTIR. The pallets were prepared in the same procedures as
mentioned in Chapter 3.2. Figure 5.4 shows the transmittance curve of syn30 nanoparticles.
Characteristic IR absorption peaks are observed at ~616, 505, and 420 cm-1, close to
the previous reports on spinel CuCr2O4 [125], CuMn2O4 [126], ZnMn2O4 [100], and
MnCr2O4 [99]. Compared to the broad absorption peaks measured for Cu-Mn-Fe oxide
nanoparticles, the peaks of Cu-Mn-Cr oxide nanoparticles are sharper and more intense as
summarized by Allen et al. [99]. Similarly, the higher-frequency peak at ~616 cm-1
corresponds to trivalent cation vibrations in the [MO6] tetrahedron. On the other hand, in
our case this peak is asymmetric, which can be induced by the coexistence of Mn 4+ and
Cr3+ as well as valance 2+ and 3+ cations on the octahedral sites, as revealed by the XRD
and EDS in the previous discussions. XPS analyses in the next section will show more
solid and detailed information. The second peak at 505 cm-1 is attributed to trivalent ions,
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either on tetrahedral or octahedral sites. The last peak at 420 cm-1 is a complex vibrational
mode involving both tetrahedral and octahedral sites. Therefore, the spinel structure was
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confirmed to be formed in the Cu-Mn-Cr oxide nanoparticles at this stage.
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Figure 5.4 FTIR spectrum of the Cu-Mn-Cr oxide nanoparticles showing characteristic
spinel features.

5.1.2

Cu-Mn-Cr Oxide NP Electronic Structure Investigation

According to the Cu:Mn:Cr molar ratio and the percentage of each phase, a possible
chemical formula of Cu0.60Mn1.70Cr0.70Ox ·0.142Mn2O3 is derived with two digits for the
as-synthesized syn30 Cu-Mn-Cr oxide nanoparticles. Ideally, x=4 in a spinel and the
formula can be further written as (Cu0.60Mn0.40)[Mn1.30Cr0.70]O4 · 0.142Mn2O3, with
valence +2 for elements in parentheses and valence +3 for elements in brackets. This
expression looks somewhat reasonable. However, considering the various oxidation states
of transition metals and the intrinsic complex structure of a spinel, it is more convincing to
determine the exact value of x in the formula based on the valences of each element. Thus,
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XPS measurements were further taken for syn30 nanoparticles to investigate the electronic
structures of metallic cations involved in the system.

Figure 5.5 XPS spectra of Cu, Mn, and Cr ions in the synthesized spinel oxide
nanoparticles. (a) Survey of all elements, (b) Cu 2p, (c) Cu LMM, (d) Mn 2p, (e) Mn 3s
and (f) Cr 2p spectra.

Figure 5.5a shows a survey spectrum of as-synthesized Cu-Mn-Cr oxide nanoparticles.
Cu, Mn, Cr and O are detected from the surface. Figure 5.5b shows the binding energies
of the Cu 2p core levels. Two sharp peaks at about 932 eV and 952 eV are observed,
corresponding to the significantly split spin-orbit components Cu 2p3/2 and Cu 2p1/2
respectively. Shake-up structures at about 945 eV and 963 eV are satellite features of Cu
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with oxidation states. Such two satellite peaks reveal the existence of Cu(II) while the
relatively low intensity indicates possible mixed states of Cu(I) and Cu(II).
To further investigate the oxidation states and their compositions, principal Cu LMM
Auger peaks (Figure 5.5c) are collected as well. One deconvoluted peak with a binding
energy of 916.5 eV is assigned to Cu(I) [127] and the other one at 918.4 eV is assigned to
Cu(II) [128] with an error of 1 eV. The modified Auger parameters are calculated and
compared to minimize the effect of charging of non-conducting specimens during the
measurement. Cu in CuCr2O4 has an Auger parameter of nearly 1853 eV [129], close to
1852.7 eV, the value we obtained for Cu(II). Biesinger [130] analyzed XPS data of various
copper-containing species in previously published literature and summarized their Auger
parameters. Our Cu(I) has an Auger parameter of 1848.6 eV, which lies in the range of
several Cu(I) involved materials. In this case, Cu(I) and Cu(II) are present simultaneously
with a ratio of about 4 : 1, taking into account both the percentage of peak areas and
Relative Sensitivity Factors (RSF).
Mn 2p (Figure 5.5d) and Mn 3s (Figure 5.5e) data are collected for quantification and
qualification of the chemical species in the specimen. In the 2p spectrum, two peaks at
about 643.0 eV and 654.5 eV are assigned to the Mn 2p3/2 and Mn 2p1/2 components. An
extremely broad and weak satellite peak observed at around 649.1 eV is the feature of
Mn(II). Three deconvolved peaks represent Mn(II), Mn(III) and Mn(IV) with increasing
values of binding energies. Mn 3s spectrum distinguishes Mn oxidation states in a more
straightforward way. Based on the photoemission final states with the s electrons parallel
or antiparallel to the 3d spin [114], the fewer and fewer 3d unpaired electrons in Mn(II),
Mn(III) and Mn(IV) lead to the smaller and smaller magnitudes of peak splitting, from
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around 6.0 eV to 5.4 eV and to 4.7 eV for oxides [131]. This assists in identifying the
oxidation states and calculating the percentage respectively by taking the energy difference
as a new constraint during the curve fitting. Eventually, Mn(II), Mn(III) and Mn(IV) are
confirmed coexisting in our specimen with a percentage of 30%, 47% and 23%. Figure 5.5f
shows the Cr 2p spectrum, with Cr 2p3/2 peak at around 577.5 eV and Cr 2p1/2 peak at
around 587.3 eV. Cr in CuCr2O4 is located at 577.3 eV [128] and that suggests the existence
of Cr(III) [132], [133]. Three sub-peaks with the same full width at half maximum (FWHM)
around 1.979eV are deconvoluted for Cr 2p3/2 peak, showing the multiplet structure [75]
due to the coupling effect between the unpaired core electron and unpaired electrons in the
outer shell [134] in Cr(III).
Table 5.1 lists the atomic ratios of Cu, Mn and Cr obtained from previously mentioned
EDS analysis and corresponding cationic valences/percentages in the as-synthesized syn30
nanoparticles.

Table 5.1 Cu:Mn:Cr atomic ratios and corresponding cationic valences/percentages in the
synthesized NPs.
Atomic Species

Atomic Ratio

Ionic Valence/Molar Percentage
Cu+: 80%

Cu

1.00

Cu2+: 20%
Mn2+: 30%

Mn

Mn3+: 47%

3.33

Mn4+: 23%
Cr

Cr3+:100%

1.17
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5.1.3

Cu-Mn-Cr Oxide NP Atomic Position Distribution

As mentioned in Chapter 2.3, it is important to study the degree of inversion and
investigate if any defects exist in the crystal structure since such disorders will show great
impact on the optical behaviors. Therefore, the atomic position of each cation inside the
spinel structure is decided according to the octahedral site preference energy (OSPE) and
the principle of charge neutrality.
In oxide spinels, oxygen is expected to be the weak field ligand and thus leads to high
spin complexes, for which the d electrons in the transition metals tend to occupy the empty
orbitals instead of forming the electron pairs, affect the splitting energy of orbitals. Based
on d-orbital-based crystal field theory (CFT), the crystal field stabilization energy (CFSE)
of the octahedral and tetrahedral coordination can be determined, respectively. The value
of OSPE is defined by the CFSE difference between the octahedral and tetrahedral
coordination (OSPE = CFSEoct - CFSEtet) [135] and then utilized as a criterion to decide
the atomic position distribution.
Figure 5.6 shows the CSFE and OSPE of elements with various d electron
configurations in the outer shell for high spin complexes. The OSPE is extremely large for
elements with d3 and d8 electronic configurations, referring to strongly favorable
octahedral geometries. Contrarily, the OSPE of d0, d5 and d10 configurations is zero,
which means there is no preference for tetrahedral or octahedral sites, and elements with
such configurations are typically present in the tetrahedral complexes.

84

Figure 5.6 Crystal Field Stabilization Energies for both octahedral fields and tetrahedral
fields and the Octahedral Site Preference Energies for high spin complexes [136].

In our case, Cu+(3d10) and Mn2+(3d5) prefer tetrahedral sites while Cu2+, Mn3+ and
Cr3+/Mn4+ are sequentially more energetically favored to take the octahedral sites (trend
summarized in Table 5.2) [137]–[139]. Therefore, assuming OSPE fully applies and taking
into account the cation valance distribution, the ratio between A and B site for a perfect
spinel crystal, and the overall charge balance, the chemical formula of the spinel phase in
the

as-synthesized

syn30

Cu-Mn-Cr

oxide

NPs

can

be

modified

to

(Cu0.48Mn0.52)Td,A(Cu0.12Mn1.18Cr0.70)oh,BO3.89. A detailed formula with corresponding
valence labeled is written as follows:
(Cu+0.48Mn2+0.52)Td,A(Cu2+0.12Mn2+0.07Mn3+0.65Mn4+0.46Cr3+0.70)oh,BO3.89.
The subscripts “Td,A” and “Oh,B” stand for tetrahedral A site and octahedral B site,
respectively.
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Table 5.2 Electronic configurations and preferred sites of elements in Cu-Mn-Fe oxide and
Cu-Mn-Cr oxide systems.
Preferred Site

Electronic Configuration

Cation

Oh

d3, d8

Cr3+, Mn4+

d4, d9

Cu2+, Mn3+

d2, d7

-

d1, d6

Fe2+

d0, d5, d10

Cu+, Mn2+, Fe3+

↓

Td

It is worth noting that ~30% of Mn takes the tetrahedral site as shown in the detailed
formula while ~70% occurs in the octahedral site with multiple valences varying from +2
to +4. This could be explained by the Jahn-Teller effect. With the addition of ligands, the
degenerate energy levels split and the symmetries are broken to some extent; a geometrical
distortion thus occurs to lower the overall energy of the species [140], [141]. In high spin
complexes, configurations of d3, d5, d8, and d10 do not exhibit Jahn-Teller distortions.
Given this circumstance, Cr3+, Mn2+ and Mn4+ are not affected by this phenomenon while
Cu2+ and Mn3+ are not able to remain the original symmetry. At this moment, the existence
of multiple valence states of the two cations could dilute the Jahn-Teller effect [116].
Notably, the Cu+:Cu2+ ratio is as high as 4:1. It has been reported that Cu+ on tetrahedral A
sites in spinel oxides can be stabilized by Cu2+ and Mn4+ on octahedral B sites [89], which
further confirms that it is reasonable to observe various oxidation states as obtained from
XPS analyses. From the aspect of optical properties, such Mn3+ site inversion can lead to
strong and broad absorption bands in the near infrared (NIR) regimes at 1000-2000 nm
wavelength [109], [113].
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Furthermore, as shown in the chemical formula, x equals to 3.89 for oxygen, instead
of 4. This deficiency of oxygen compared to stoichiometric AB2O4 indicates the presence
of oxygen vacancies, likely on the surface of the NPs as has been reported in other spinel
NP systems [142]. Oxygen vacancies are known to interact with transition metal cations
and extend the optical absorption beyond the bandgap of stoichiometric spinel [143]. These
influences on optical properties will be discussed next.

5.2 Cu-Mn-Cr Oxide Nanoparticle Pigmented Coatings
5.2.1

Cu-Mn-Cr Oxide NP-Based Coating Characterization

After 24h annealing at 750 ℃, the fabricated syn30 Cu-Mn-Cr oxide nanoparticle
pigmented solar selective solar coatings were characterized for detailed information about
surface morphology. Figure 5.7 are SEM images with lower and higher magnifications,
respectively. Compared to SEM images of syn24-coating in Chapter 3.3.1, the
morphologies are quite the same, with relatively uniform surfaces, micro-scale clusters of
particles and micro-pores observed. EDS analysis further validated that NPs were well
distributed in the Si-rich matrix on the surface of Inconel substrate.

87

Figure 5.7 (a) lower-magnification and (b) higher-magnification SEM images of syn30
Cu-Mn-Cr oxide nanoparticle pigmented solar selective coating.

An EDS mapping was also conducted to observe the distribution of each element on
the surface of syn30-coatings. Figure 5.8a shows surface morphology of the studied region
and Figure 5.8b confirms that nanoparticles were well distributed in the coating with the
support from the Si-rich matrix with only one brighter spot observed. Figure 5.8c to h
exhibits the intensity of O, Si, Cu, Mn, Cr and Ni in the selected area of coatings on the
Inconel substrate. They prove that the distinct spot in the central part has stronger signals
detected from the Ni and Cr based superalloy substrate, which could be caused by an
unintentional scratch of the coating layers during the preparation or characterization
process.
Quantitative analysis was carried out to see the atomic percentage of each element
after 24h annealing at 750 ℃ and an average Cu:Mn:Cr molar ratio of 1.0:3.2:1.3 was
obtained. Compared to the previously mentioned average ratio of 1.0:3.3:1.2 for assynthesized syn30 nanoparticles, only small change is noticed. It can be attributed to the
intrinsic distribution variation of different selected regions caused by the facile fabrication
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method. At this stage, the composition of nanoparticles can be considered unaltered with
confirmed stability.

Figure 5.8 EDS mapping of syn30 Cu-Mn-Cr NP-pigmented solar selective coating on the
Inconel substrate after 24h annealing at 750 ℃. (a) Morphological image of the detected
area. Color maps show distribution of (b) all elements, (c) O, (d) Si, (e) Cu, (f) Mn, (g) Cr
and (h) Ni, respectively.

XRD measurement was followed to check the change of crystal structures after 24h
annealing at 750 ºC. Figure 5.9a clearly shows that syn39 is a single-phase batch with only
characteristic spinel peaks detected, while syn38 and syn30 both contain the spinel phase
as well as the Mn2O3 phase. Stronger cubic spinel signals and Mn2O3 signals of syn30 are
observed compared to the as-synthesized state, showing that this post-annealing procedure
helps form better crystallinity [102].
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Figure 5.9 XRD patterns of Cu-Mn-Cr oxide nanoparticle pigmented solar selective
coating (a) from 15°to 80°and (b) Close position examination of spinel (311) peak from
34.5°to 36.5°.

The peak position of the characteristic spinel (311) peak is closely examined from 34.5°
to 36.5°as shown in Figure 5.9b. For all three batches, the (311) spinel peak is well fitted
with a Gaussian peak, indicating no separation of the spinel phase. The peak lies at 35.82°
for syn38 and blueshifts to smaller diffraction angles, 35.78°for syn30 and 35.58°for
syn39, as the content of Cr increases in the Cu-Mn-Cr oxide nanoparticles. Table 5.3
summarizes the parameters of syn38, syn30 and syn39 Cu-Mn-Cr oxide nanoparticles after
24h annealing at 750 ℃. The lattice constant calculation verifies that the peak shift towards
a smaller diffraction angle refers to a larger interplanar spacing, which means that a slightly
larger lattice with more Cr incorporated. For syn30 nanoparticles, the lattice constant
calculated after 24h annealing at 750 ℃ is 8.321 Å, showing a lattice expansion of 0.17%
compared to the as-synthesized. This indicates that although there is no increased content
of Cr detected directly from EDS mapping, the interdiffusion reaction between the
substrate and the coating probably have happened and led to the doping of Cr into the spinel
phase.
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Table 5.3 Parameters of Cu-Mn-Cr oxide nanoparticles after 24h annealing at 750 ℃.
Cu:Mn:Fe

XRD Particle Size (nm)

Lattice Constant (Å)

Spinel

Batch
(starting)

Spinel

Mn2O3

Spinel

Mn2O3

wt. %

syn38

1:3:0.5

72

48

8.310

9.351

95.29

syn30

1:3:1

31

57

8.313

9.346

87.53

syn39

1:3:2

24

-

8.370

-
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5.2.2

Cu-Mn-Cr Oxide NP-Based Coating Optical Properties

Optical measurements were conducted to evaluate the optical properties of Cu-Mn-Cr
oxide nanoparticle pigmented coatings on Inconel substrates after 24h annealing at 750 ºC.
Figure 5.10 shows the optical spectra describing solar absorption and thermal emission
behaviors of the 3 batches of NP-pigmented coatings in the Cu-Mn-Cr oxide family.
According to Figure 5.10a, the coatings with nanoparticles from the Cu-Mn-Cr oxide
family exhibit much more superior solar absorbing behaviors over that of the Cu-Mn-Fe
oxide family. All three batches have a very high absorptance over 90% for most of the
wavelengths. It can be noticed that syn30 and syn39 maintain a value over 95% within the
range of ~300 nm - 2000 nm while syn38 exhibits a relatively early absorption reduction
and it drops to 95% at ~ 1500nm. The thermal emittance shown in Figure 5.10b is quite
surprising. Obviously, the selectivity can be observed from a decreasing emittance towards
20-30% near 7 μm for both syn30 and syn39. Coatings with syn38 nanoparticles emit a bit
more in the infrared regime, but there is clear evidence showing the reduced emittance loss
as expected. The FOM calculation shows that syn30-coatings has a highest thermal
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efficiency of 93.7%, with a solar absorptance of 97.0% and an emittance loss of 53.5%. By
comparison, syn38 and syn39 still show fairly excellent optical performance, with thermal
efficiencies of 92.4% and 93.5%, respectively.

Figure 5.10 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of Cu-Mn-Cr oxide NP-pigmented solar selective
coating on the Inconel 625 substrate after 24h annealing at 750 ºC.

A comparison with the Pyromark 2500 coating and syn24 (the best batch in the CuMn-Fe oxide family) NP pigmented solar selective coating was made as shown in Figure
5.11. From the absorption spectra, syn30 coating is obviously enhanced near 500 nm,
indicating the improvement in visible range brought by the incorporation of Cr. Compared
to syn24 coating, the absorptance is a bit lower for syn30 within the range of ~ 1200 nm to
~1900 nm. Pyromark coating still shows the largest absorption from ~ 1800 nm to 2500
nm but it is only slightly higher than that of syn30 coating.
On the other hand, compared to Pyromark 2500 with a thermal emittance up to ~ 90%
for the whole IR spectrum shown in Figure 5.11b, a very large decrease in the thermal
emittance (drops from ~ 70% at 3 μm to ~ 20% near 7 μm) displays the selectivity
possessed by syn24-coating clearly. This assists in reducing the energy loss effectively and
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thus leads to an elevated optical-to-thermal efficiency of our syn24 NP pigmented solar
selective coating. Similar selectivity is observed for syn30 coating and there is even a lower
emittance for wavelengths over 8 μm. In general, syn30 coatings exhibit ~0.6% increase in
the optical-to-thermal conversion efficiency compared to syn24, revealing the superiority
of replacing Fe by Cr in the spinel oxide nanoparticles as pigments for solar selective
coatings.

Figure 5.11 (a) Absorption spectra calibrated with reference white block in the UV to nearIR regime and (b) IR emission spectra of syn30 Cu-Mn-Cr oxide NP-pigmented solar
selective coating on the Inconel 625 substrate after 24h annealing at 750 ºC compared with
Pyromark 2500 and syn24 coatings.

5.3 Simulation Results and Mechanism Discussions of Cu-Mn-Cr Oxide System
5.3.1

Coating Thickness and Volume Fraction Determination

To confirm that it is repeatable and identical for the thickness determination of the
nanoparticle pigmented coatings, we utilized SEM to further check the coating thickness
of syn30-coatings. Figure 5.12 shows SEM images tilted by 45 degrees for thickness
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determination of syn30 Cu-Mn-Cr oxide NP-pigmented solar selective coating on a
polished alumina forming austenitic alloy (AFA, one type of high temperature alloy
provided by Professor Baker’s lab) substrate. Clear edges can be seen from the images and
the coating thickness is estimated to be ~ 9.6 µm.

Figure 5.12 SEM image tilted by 45 degrees for thickness determination of syn30 Cu-Mn-

Cr oxide NP-pigmented solar selective coating on the polished AFA substrate after 24h
annealing at 750 ºC.

To determine the coating thickness on Inconel substrates, we utilized a profilometer to
measure the height difference between coated and non-coated regions. According to Figure
5.13a, clear edges of the coated areas are distinguished from the bare substrate and the
height difference varies when the scanning probe moves to a new region. An average
coating thickness is calculated to be ~5.6 μm in a detecting length of ~0.3 mm.
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Figure 5.13 Roughness information of syn30 Cu-Mn-Cr oxide NP-pigmented solar

selective coating on the Inconel 625 substrate after 24h annealing at 750 ºC. (a) Height of
the surface obtained from profilometer. (b) Visualization of surface roughness of Cu-MnCr oxide nanoparticle pigmented solar selective coating. (c) Cross section image after FIB
cutting process.

The digital microscope helps visualize the surface roughness and we can see
fluctuations of the height within 6 μm (coated region mainly with blue and green color)
from the color bar in Figure 5.13b. In rare cases, certain peaks reach a height of ~ 14 μm
due to clusters on the surface, matching the morphology observed from previous SEM
images in Figure 5.7. Height differences between two selected points were also measured
and an average value of ~7 μm was obtained. We also utilized the focused ion beam (FIB)
to cut a slice of the coated sample after 24h annealing at 750 ºC so as to observe the cross
section. From Figure 5.13c, we can clearly notice distinct layers from the top to the bottom,
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namely deposited Platinum (Pt) layer for FIB specimen preparation, Cu-Mn-Cr oxide
nanoparticle pigmented silicone coating, oxide layer formed during heat treatment, and
alloy substrate. Based on this region, the thickness varies from 3.5 μm to 7.3 μm. For an
easier FIB specimen preparation, we intentionally selected relatively flat regions without
bumpy structures, leading to a potential lower limit of thickness observed. Taking into
account the occurring bumpy structures on the surface, it is reasonable to utilize an
effective thickness of 8.5 μm for computational purposes and the thickness is confirmed to
be independent of the substrate.
Figure 5.14a shows the distribution of each element in the selected area. In view of the
destructive FIB cutting procedure, the Si-rich matrix and embedded nanoparticles were
partially removed due to the intense bombardment of the surface, leaving some regions
without signals detected. Since Mn is only present in the pigment nanoparticles and not in
the silicone matrix, the Inconel substrate, or the TEM grid (which is used to mount the FIB
sample of the coating), we can use Mn as a characteristic element of NPs to derive the
corresponding volume fraction by analyzing the EDS mapping of Mn (Figure 5.14b). We
utilized Image J to obtain the area fraction of Mn in the selected area. As shown in Figure
5.14b, the yellow dots represent Mn signals and a brighter color reveals a higher Mn
intensity in that region. The original figure was firstly converted to an 8-bit binary image
and a threshold ranging from 51 to 255 was chosen to select the Mn pixels. Mn is
determined to take 48.0% of the entire selected area.
Assuming spherical nanoparticle approximation and no overlapping of the
nanoparticles in the vertical direction, the volume fraction could be expressed as the
following equation:
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𝐴∗𝑥

4

𝑓 = 𝑉𝑀𝑛 ⁄𝑉𝑡𝑜𝑡𝑎𝑙 = (𝜋𝑟 2 × 3 𝜋𝑟 3 )⁄(𝐴 × 𝑡) =

4
3

(𝑟⁄𝑡) ∗ 𝑥

(5.1)

where 𝑥 is the area fraction, 𝑟=15.51.8 nm is the radius of nanoparticles (see the
histogram in Figure 5.2d) and 𝑡 = 150 𝑛𝑚 is the thickness of the FIB processed lamellar.
With this equation, a volume fraction of f ~7 vol. % was reached, which could be regarded
as the lower limit since nanoparticles do overlap in reality.

Figure 5.14 EDS mapping of (a) all elements and (b) Mn in a selected area of FIB crosssection of the coating.

Similarly, a volume fraction estimation was conducted according to the parameters
used during the fabrication process, including the weight percentage of nanoparticles in the
precursor, the density of each nonvolatile component, and the average coating thickness of
8.5 μm (as discussed above). Assuming no excessive loss of nanoparticles during the
coating process and annealing process, we obtain an estimation of volume fraction f ~13
vol. %, which could be regarded as the upper limit.
Taking the average between the lower limit estimated by EDS Mn area mapping and
the upper limit from chemical precursor ratios, it is reasonable to consider the volume
fraction f=10 ±3) vol. % for comparison with theoretical modeling. These two parameters
are hence used to determine the optical properties of Cu-Mn-Cr oxides.
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5.3.2

Discussion on Calculated Band Gap

Figure 5.15 (a) Determined effective absorption coefficients of syn30 NP-pigmented
coating. (b) direct and (c) indirect bandgap Tauc plots of the spinel Cu-Mn-Cr oxide (syn30)
NPs. (d) Absorption spectrum beyond the indirect bandgap and the corresponding Gaussian
peaks fitting of syn30 nanoparticles.

Absorption coefficient of Cu-Mn-Cr oxide (syn30) was generated based on the fourflux radiative method and essential parameters mentioned above. Critical to the optical
performance is the absorption spectrum of Cu-Mn-Cr oxide NPs. As shown in Figure 5.15a,
the calculated effective absorption coefficient of Cu-Mn-Cr oxide nanoparticle pigmented
coating is larger than 104 cm-1 and even goes much higher over 105 cm-1 to cover the entire
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solar spectrum. Figure 5.15b and c are the Tauc plot utilized to determine the bandgap. The
figures reveal a direct bandgap of 3.10±0.04 eV and an indirect gap of 1.68±0.04 eV,
respectively.
To single out the absorption spectrum beyond the indirect bandgap, we subtract the
indirect bandgap absorption from Figure 5.15c as mentioned in Chapter 3 and generate the
absorption coefficient as shown in Figure 5.15d. Compared to the spectrum generated for
syn24 Cu-Mn-Fe oxide, the value of the absorption coefficient is almost twice for syn30
Cu-Mn-Cr oxide, revealing much more intense absorption happening in the syn30-coatings.
Two broad Gaussian absorption bands peaked centered at 0.95 and 1.95 eV are also clearly
identified, typical of d-d transitions between the split d levels of transition metal ions
induced by tetrahedral or octahedral ligand (crystal) field. [109] The energy ratio of these
two peaks is 0.48, which is very close to the expected ratio of 4/9 for tetrahedral site vs.
octahedral site d-d transition energies in spinel structures. [110] Therefore, the 0.95 eV and
1.95 eV absorption bands are attributed to tetrahedral and octahedral site d-d transitions,
respectively. Similarly, both Cu2+ and Mn3+ contributed to the NIR d-d absorption band at
~ 0.95 eV as discussed in Chapter 3. Typically, the oscillation strength of tetrahedral d-d
transition is stronger than their octahedral counterparts due to broken inversion symmetry
that enables various spin-forbidden transitions.[109], [110] In our case, on the other hand,
the octahedral d-d absorption at 1.95 eV is ~2 times stronger than tetrahedral absorption at
0.95 eV. This result indicates that a relatively small fraction of Cu2+ and Mn3+ cations
occupy tetrahedral sites compared to octahedral sites, consistent with the prediction of
OSPE discussed earlier and similar to the case of CuMn2O4 in terms of a small fraction of
site inversion.[116] Such a distribution is beneficial to solar selectivity since a decrease in
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absorption beyond the optimal cut-off wavelength of 2475 nm (hv<0.5 eV) is needed, as
mentioned earlier.
In addition, oxygen vacancies, as identified in our previous analyses, further lower the
ligand symmetry to enhance the oscillation strength of d-d optical absorption especially in
the NIR solar spectral regime at 0.5-1 eV, as has been reported in spinel ZnFe2O4 system
[144]. A narrower band gap is reported to result from the presence of oxygen vacancies
and first-principles calculations based on spin-resolved density functional theory (DFT)
were perform to illustrate the density of states (DOS) difference between regular cations
and those adjacent to an oxygen vacancy [143], [145]. Therefore, these two factors work
synergistically to enhance the overall solar selectivity.
Another possible reason for extended IR absorption is the contributions from potential
charge transfer reactions. In this case, a localized electron will be transferred to a
neighboring ion by absorbing a photon [146]. According to electronic structures discussed
in the previous section, Cu2+(d9) and Mn3+(d4) ions are proved to exist in Cu-Mn-Cr oxide
nanoparticles, indicating the possibility of a charge transfer transition: Cu2+ + Mn3+ ⇌ Cu+
+ Mn4+ in our spinel system, with the assistance of O2- ions. This will allow long-range
cation ordering and may consequently lower the symmetry [147] to help enhance the
absorption. An example of Cu-Mn-Al oxide spinel is proved to show absorption
enhancement in UV and visible regions thanks to the charge transfer between copper and
oxygen [111]. The occurrence of Jahn-Teller distortion could further lower the symmetry
to some extent and thus enable some of the spin-forbidden transitions, adding to the
absorption strength [109].
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Figure 5.16 Theoretical modeling of (a) solar absorptance and (b) thermal efficiency
contour maps as a function of syn30 NP volume fraction and coating thickness when
dispersed in silicone matrix.

Based on the absorption spectra of the spinel Cu-Mn-Cr oxide NPs, we further
modeled the spectrally integrated solar absorptance αSolar and the thermal efficiency ηtherm
for 1000x solar concentration at 750ºC. Figure 5.16a and b show αSolar and ηtherm contour
maps, respectively, as a function of NP volume fraction and coating thickness when
dispersed in silicone matrix for the solar absorber coating. The intrinsic solar spectral
selectivity of the NPs and their nanoscale diameters (d = 31±3.6 nm) lead to a large
tolerance in coating thickness and NP volume fraction, such that αSolar > 97.4% and ηtherm >
93.6%.can be achieved even the NP volume fraction varies between 7-13 vol.% and the
coating thickness varies between 6-15 μm. Along with the incorporation of matrix
absorption, the real part (n) and the imaginary part (k) of refractive index obtained based
on the flow chart (Figure 3.12) mentioned in Chapter 3 were extrapolated for the theoretical
modeling of thermal efficiency. The calculated reflectance in the IR regime is consistent
with measured data of IR reflectance, which verifies the reliability of the modeling. In this
case, an elevated ηtherm can be reached without precisely controlling the coating thickness
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and volume fraction of pigmented nanoparticles. Such a high fabrication tolerance greatly
facilitates low-cost and highly scalable spray-coated solar selective absorbers. The green
stars and red error bars in Figure 5.16a and b reflect the experimentally measured coating
thickness and NP volume fraction variations in our spray-coated Inconel tube section
samples. From the modeling, we expect αSolar  98% and ηtherm  94%. These theoretically
modeled values indeed agree very well with the experimental results, confirming that it is
reliable to utilize the four-flux radiative model as a guidance to conduct further
optimization on our coating.
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Chapter 6 Thermal Stability Check and Tube Test on Cu-Mn-Cr Oxide
Nanoparticle Pigmented Solar Selective Coatings
6.1 Performance Investigation on Coating on Tube Sections
Theoretically, the change of nanoparticles should not affect the availability of our
coatings working on tube sections. To be on the safe side, syn30 Cu-Mn-Cr oxide NPpigmented solar selective coating on the curved Inconel substrate was studied via the same
characterization techniques.

Figure 6.1 SEM images of syn30 coatings on (a) flat and (b) curved Inconel substrate. (c)
Absorption spectra calibrated with reference white block in the UV to near-IR regime and
(d) IR emission spectra of syn30 Cu-Mn-Cr oxide NP-pigmented solar selective coating on
the flat and the curved Inconel substrate at the 24h annealed case.
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Figure 6.1a and b show SEM images of syn30 coatings on (a) flat and (b) curved
Inconel substrate. Identical surface morphology of coatings can be observed with the
presence of surface roughness and the porous structures. Optical performances were also
evaluated and a similar enhancement in absorption spectra is observed for syn30-coating
on the curved Inconel substrate according to Figure 6.1c. The curved coating exhibits a
high absorptance over 95% from 230 nm to 2500 nm and the peak value over 98% was
reached from about 400 nm to 1100 nm. The absorption shows a tendency of slight decrease
when extended to longer wavelengths in the NIR regime. Different from the absorbing
behaviors exhibited by the syn30-coating on the flat Inconel substrate, the curved one has
an easily distinguished absorption peak located at ~ 600 nm. It is the same case for the
syn24-coatings regardless of the nanoparticles in use. This position happens to match one
of the intrinsic transitions (4A2g → 4T2g) of Cr3+ ions [123], indicating that the enhancement
may result from a higher degree of surface oxidation of the curved substrate.
When it moves to the IR spectrum in Figure 6.1d, a weaker selectivity was observed
for syn30-coating on the curved Inconel substrate, with the spectral emittance dropping
from ~ 70% to ~ 50% when the wavelength is between 6 μm and 8 μm. The higher
emittance loss is noticed and can be another evidence verifying the formation of more
oxides from the curved substrate. The EDS result further confirms it, with higher Cr
contents detected from the syn30-coating sprayed on the curved Inconel substrate.
By applying the FOM calculation, an absorptance of 97.9%, an emittance of 59.4%
and to the best of our knowledge, a record-high efficiency of 94.2% were achieved at a
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temperature of 750 ºC and solar concentration ratio of 1000, showing the superior opticalto-thermal conversion performance of syn30-coatings.

6.2 Study on Thermal Stability of Cu-Mn-Cr Oxide System
As a promising candidate to be installed in the CSP system, the syn30 Cu-Mn-Cr oxide
nanoparticle pigmented solar selective coating was tested for its thermal stability. Coatings
on both flat and curved Inconel 625 substrates were used for investigation. A total of 60
simulated day-night thermal cycles (total annealing time of 720h) were designed to be
carried out for stability tests for syn30 coatings at 750 ºC. The thermal stability of solar
selective coating at high operating temperatures is of great importance for industrial
application so extra thermal cycles at 800 ºC were also conducted to test on a higher
temperature exceeding the threshold for further confirmation and to investigate possible
degradation mechanisms at an accelerated rate. Same procedures were conducted with the
same parameters.

6.2.1

Materials Characterization

SEM images shown in Figure 6.2 were captured for coating after 60 day-night
simulated thermal cycles at 750 ºC and 800 ºC with comparison to the 24h annealed case.
From Figure 6.2a, the overall surface morphology remains stable after high-temperature
thermal cycles and Figure 6.2b shows more detailed information at a higher magnification.
The micropores on the surface of the samples help to accommodate volume expansion
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during the high-temperature cycling process and thereby stabilize the coating against
thermal stress.

Figure 6.2 (a) Lower-magnification and (b) higher-magnification SEM images of syn30
Cu-Mn-Cr oxide NP-pigmented solar selective coating on the flat Inconel substrate after
60 day-night cycles at 750 ºC and 800 ºC compared with 24h annealed case.

Scratches were accidentally made onto the surface of syn30-coating sprayed on the
flat Inconel substrate after 10 day-night thermal cycles at 800 ºC. As shown in Figure 6.3a,
the obvious brightness contrast reveals that the surface morphology in the circled region
suffered severe destruction. However, to our surprise, such morphology recovered after
another 10 day-night cycles and there is almost no distinguishable difference between the
previously scratched and non-scratched regions. This provides strongly supportive
information that the nanoparticle pigmented silicone matrix solar selective coating is
capable of self-healing during the thermal cycling process. The redistribution of the
absorber layers enables it to form the high-efficient coating without precise control over
the fabrication process. It is promising for such solar selective coatings to survive longer
time without morphological deterioration when they are operating at high temperatures or
suffering mechanical stresses.
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Figure 6.3 SEM images of syn30 Cu-Mn-Cr oxide NP-pigmented solar selective coating
on the flat Inconel substrate after (a) 10 and (b) 20 simulated day-night cycles at 800 ºC.

EDS analysis was conducted on syn30 coating after 60 day-night simulated cycles to
observe the distribution of each element on the flat Inconel surface. Figure 6.4a shows
surface morphology of the target region and Figure 6.4b to g confirm that nanoparticles
were uniformly distributed in the Si-rich matrix. Variations in brightness are related to the
surface roughness, which means a thicker layer or bumpy structures due to the clusters of
nanoparticles will show less signals detected from the substrate (Ni shown in Figure 6.4h)
and vice versa. Figure 6.4h exhibits the intensity of O, Si, Cu, Mn, Fe and Cr in the selected
area of coatings on the Inconel substrate.
Quantitative analysis was carried out to see the atomic percentage of each element
after thermal cycles and Cu and Mn contents remain at the same level as the 24h annealed
case. An increasing Cr concentration was detected from the surface of coatings after
thermal cycles. Compared to the 24h annealed case, it almost triples for the coating after
60 day-night thermal cycles at 750 ºC. A higher temperature speeds up the inter-diffusion
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behaviors of Cr, with over 3 three times of the initial percentage obtained from the coating
after 60 day-night thermal cycles at 800 ºC.

Figure 6.4 EDS mapping of syn30 Cu-Mn-Cr oxide NP-pigmented solar selective coating
on the Inconel substrate after 24h annealing at 750 ℃. (a) Morphological image of the
detected area. Color maps show distribution of (b) all elements, (c) O, (d) Si, (e) Cu, (f)
Mn, (g) Cr and (h) Ni, respectively.

Detailed investigation in the interface between the nanoparticle-pigmented coating and
the alloy substrate was conducted by looking into the cross sections of the specimen
processed by FIB. According to STEM images shown in Figure 6.5a, an oxide layer of
around 100 nm was formed after 24h annealing at 750 ºC. Further EDS mapping reveals
that the oxide layer mainly consists of Cr based oxides. As an obvious comparison in Figure
6.5b, a much thicker oxide layer was observed for the sample that has completed 60 daynight simulated cycles at 750 ºC. It approximately turns into 1 μm thick after long-time
thermal cycles and the mapping information indicates the preference of Cr over Ni being
oxidized despite a higher concentration of Ni in alloy substrate.
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Figure 6.5 Cross-section STEM image and EDS mapping result of FIB cut specimens of
Cu-Mn-Cr oxide nanoparticle pigmented solar selective coating (a) before and (b) after 60
day-night thermal cycles at 750 ºC.

XRD measurement was taken at every 10 day-night annealing stage and Figure 6.6a
and c were plotted with each intermediate state during the whole thermal cycle procedure
at 750 ºC and 800 ºC separately to show the deviation for several important peaks.
Generally, the cycled coating shows similar X-ray diffraction patterns while minor shifts
occur. The peak position of the characteristic spinel (311) peak is closely examined as
shown in Figure 6.6b and d for 750 ºC and 800 ºC, respectively. It originally lies at 35.78°
and tends to shift as the thermal cycle starts. It stabilizes at 35.62°for 750 ºC and 35.56°
for 800 ºC after 20 day-night simulated cycles. Based on Bragg’s equation, the peak shift
towards a smaller diffraction angle refers to a larger interplanar spacing, which means the
lattice expands slightly.
From previous work published by Mikhail G. Brik [107], the lattice constants of
CuMn2O4 and CuCr2O4 are 8.33 Å and 8.27 Å, while that of MnCr2O4 is 8.437 Å. A
variation from 8.410 Å to 8.474 Å depending on different milling hours was reported by
R. N. Bhowmik [148]. Considering the valences and atom position distributions discussed
in the previous section, as more Cr ions dope into the spinel system and take the octahedral
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site, Cu and Mn ions tend to sit in the tetrahedral site, making it closer to the structure of
CuCr2O4 and MnCr2O4. Taking into account the lattice parameters mentioned above and
ion radius data [149], [150], it is reasonable to observe the lattice expansion. Mn ions are
partially released to form Mn2O3, which is in agreement with a higher Mn2O3/spinel ratio
(from 0.142:1 to 0.466:1, stabilizing after 30 day-night thermal cycles at 750 ºC) derived
from XRD result.

Figure 6.6 XRD patterns during thermal endurance tests at (a) 750 ºC and (b) 800 ºC, with
close position examination of spinel (311) peak for samples through thermal cycles at (c)
750 ºC and (d) 800 ºC, respectively.
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6.2.2

Optical Properties

The following spectra discussions are mainly focused on the coatings on curved
Inconel substrates since they display a better optical performance than the flat ones. The
flat ones will be later mentioned for FOM comparison yet.

Figure 6.7 UV/vis/NIR spectra of samples through thermal cycles at (a) 750 ºC and (c)
800 ºC. FTIR spectra of samples through thermal cycles at (a) 750 ºC and (c) 800 ºC. (e)
FOM comparison of Cu-Mn-Cr oxide nanoparticle pigmented solar selective coating on
the flat and the curved Inconel substrates through thermal cycles at 750 ºC and 800 ºC.

Figure 6.7a shows UV-vis-NIR spectra collected from coatings on curved Inconel
substrate after 10, 30 and 60 day-night thermal cycles at 750 ºC. It displays outstanding
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thermal stability with an absorptance over 95% for most of the UV/vis/NIR regime. Only
a mild thermal degradation was indicated by the decrease in absorption showing a valley
located at ~ 1200 nm. A higher cycling temperature leads to a more severe degradation in
the UV/vis/NIR regime, showing only ~92% absorptance at 2500 nm after 60 day-night
thermal cycles at 800 ºC (in Figure 6.7d). The absorption reduction occurs at a similar
position of ~ 1200 nm, which is consistent with the previously mentioned finding of the
silicone coated Inconel substrate after 10 day-night thermal cycles.

Absorptance (%)

100

24h
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cycle 20
cycle 30
cycle 40
cycle 50
cycle 60
CuCr2O4

95

90

syn30 800ºC
85
500

1000

1500

2000
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Figure 6.8 UV-vis-NIR spectra of Cu-Mn-Cr oxide nanoparticle pigmented solar selective
coating during thermal endurance tests at 800 ºC compared with CuCr2O4 nanoparticle
pigmented coating.

Figure 6.8 was plotted for detailed discussions with the comparison to CuCr 2O4
nanoparticle pigmented coating after 24h annealing at 750 ºC. As more day-night thermal
cycles undergo at 800 ºC, the position of the valley gradually blueshifts to a smaller
wavelength towards 1 μm. Such wavy shape is similar to the absorbing behaviors we
observe from our intentionally synthesized CuCr2O4 nanoparticle pigmented coatings and
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published work from Yongjoon Youn [151].This could be the evidence of Cr doping into
the spinel system as more thermal cycles proceed. The more obvious wavy shape for
coatings after thermal cycles at 800 ºC is due to a higher degree of inter-diffusion occurring
with more Cr incorporated oxides formed.
Before thermal cycles, Mn(III) in octahedral sites is subject to the Jahn-Teller
distortion to reach a lower symmetry state. The splitting of orbitals turns the original single
spin-allowed transition (5Eg→5T2g) into a few observable absorption bands. One of the
absorption bands locates at ~ 1 μm (e.g: 10800 cm-1 for Mn(III) in a Mn-doped spinel
reported by Ferdinando Bosi [113]), which just compensates for the valley observed from
CuCr2O4, leading to a high absorptance for the UV-vis-NIR spectrum. After long-time
thermal cycles, increasing Cr content is gradually introduced into the spinel system and the
occupancy of Mn(III) on the octahedral site comes to a drop [152] with reduced degree of
distortion [153]. The spinel will become more of a perfect cubic and the spin-forbidden
transitions released by asymmetry will partially get lost. Mn(II) only has spin-forbidden
transitions in low crystal field [154] and thus it results in a weaker absorption at
corresponding wavelengths.
Figure 6.7b and e show the IR spectra collected from coatings after thermal cycles at
750 ºC and 800 ºC, respectively. The selectivity was weakened slightly with more emission
loss happening while it remained in a certain range throughout the whole thermal cycle
procedure with acceptable fluctuations. These emission changes agree well with the early
discussions about the oxidation layer formed on the surface of the substrate.
Table 6.1 and Table 6.2 summarize the FOM of syn30-coating on flat and curved
Inconel substrates for every 10 day-night thermal cycles at 750 ºC and 800 ºC, respectively.
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We also plot Figure 6.7c and f to directly visualize the photothermal efficiency change of
Cu-Mn-Cr oxide nanoparticle pigmented coating as 60 day-night thermal cycles are
completed. The thermal efficiency stabilizes at 94% for the whole procedure at 750 ºC with
negligible change of 0.2% compared to the 24h annealed case.
For thermal cycles at 800 ºC, theoretically, the loss of absorber layers in a large fraction
of area (as shown in Figure 6.3) due to the accidental scratch may cause huge degradation
to the optical properties of the syn30-coating after 10 day-night thermal cycles. However,
the efficiency only suffers an acceptable decrease of ~ 1.3% and later went up as more
cycles are done. Only ~1% efficiency loss is observed when 60 thermal cycles at 800 ºC
were finished. We finally obtained an absorptance of 97.6%, an emittance of 58.6% and an
efficiency of 94.0% for the coating after 60 day-night cycles at 750 ºC. The coating after
60 day-night cycles at 800 ºC still shows outstanding optical response, with an absorptance
of 96.5%, an emittance of 57.7% and an overall efficiency of 92.2%. It reveals the
extraordinary thermal stability of Cu-Mn-Cr oxide nanoparticle pigmented solar selective
coating and makes it more convincing to get such coating operated for the next generation
CSP system at high temperature.
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Table 6.1 FOM (calculated at 750 ºC and C=1000) of syn30 Cu-Mn-Cr oxide NPpigmented solar selective coating on flat and curved Inconel substrates for every 10 daynight thermal cycles at 750 ºC.
FOM (T = 750 ºC, C = 1000)
Substrate

# of Simulated Cycles
α

ε

η

0

0.970

0.535

0.937

10

0.967

0.495

0.936

20

0.968

0.600

0.931

30

0.966

0.482

0.936

40

0.966

0.527

0.933

50

0.964

0.506

0.933

60

0.963

0.516

0.931

0

0.979

0.594

0.942

10

0.978

0.629

0.939

20

0.977

0.568

0.942

30

0.977

0.653

0.937

40

0.976

0.597

0.939

50

0.977

0.582

0.941

60

0.976

0.586

0.940

Flat
Inconel

Curved
Inconel
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Table 6.2 FOM (calculated at 800 ºC and C=1000) of syn30 Cu-Mn-Cr oxide NPpigmented solar selective coating on flat and curved Inconel substrates for every 10 daynight thermal cycles at 800 ºC.
FOM (T = 800 ºC, C = 1000)
Substrate

# of Simulated Cycles
α

ε

η

0

0.974

0.451

0.940

10

0.971

0.658

0.921

20

0.968

0.644

0.920

30

0.964

0.543

0.923

40

0.961

0.563

0.919

50

0.957

0.496

0.920

60

0.956

0.560

0.914

0

0.979

0.607

0.934

10

0.975

0.641

0.927

20

0.975

0.659

0.926

30

0.972

0.606

0.926

40

0.970

0.561

0.928

50

0.969

0.645

0.920

60

0.965

0.577

0.922

Flat
Inconel

Curved
Inconel

6.3 Tube Test
To intuitively view the enhancement made by coating with Cu-Mn-Cr oxide NPs, we
collaborated with Norwich Solar Technologies and applied it into actual solar tests based
on the design of parabolic trough systems. Tubes were sprayed with three different types
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of coatings, namely Pyromark 2500 painting, Cu-Mn-Fe oxide nanoparticle pigmented
coating, and Cu-Mn-Cr oxide nanoparticle pigmented coating. Figure 6.9a shows the photo
of spinel Cu-Mn-Cr oxide nanoparticle pigmented solar selective coating on a 48-inch-long
tube prepared by spray coating method on a laboratory scale.

Figure 6.9 Photos of (a) spinel Cu-Mn-Cr oxide nanoparticle pigmented solar selective
coating on a 48-inch-long tube prepared by spray coating method and (b) the setup for the
test on spray coated tubes.

The general setup can be viewed in Figure 6.9b. The coated tube was sealed in a glass
tube and the environment in between was pumped to a certain level of vacuum to get rid
of the disturbance from the gas. A reflective board with the projected area of about 2 m2
was placed and the coated tube was aligned on the focal line to ensure more focused
reflections. During the test, a total amount of 30 L water was pumped from a tank (as the
reservoir) into the tube and later flowed back for cycling use. A flowmeter was utilized to
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monitor the water flow rate and thermocouples were placed to record the real-time
temperatures of inlet water, outlet water and the reservoir. The solar power was recorded
by a power meter placed next to the reflective board and the power of direct sunlight was
calculated by subtracting the center-shielded value of solar power from the non-shielded
value.
An estimation of the conversion efficiency is calculated by the following equation:
𝜂 =

𝑄1
𝑄2

=

𝑐𝑚(𝑇2 −𝑇1 )
𝑊𝑡

=

𝑐𝜌𝑉(𝑇2 −𝑇1 )
𝑊0 𝑆𝑡

=

𝑐𝜌
𝑊0 𝑆

×

𝑉
𝑡

× (𝑇2 − 𝑇1 )

(6.1)

where c is the specific heat capacity of water (~ 4.2 kJ/(kg·K)), ρ is the density of water at
25 ºC (0.9970 g/mL), W0 is the direct solar radiation received per area, S is the projected
𝑉

area of the reflective board and 𝑡 is the volumetric flow rate. T1 and T2 are temperatures of
inlet and outlet water, respectively.
Figure 6.10 shows the real-time solar power and corresponding calculated efficiencies
of the three tubes. To obtain a more convincing result, we select time slots with solar power
around or larger than 1000 W/m2 and use the temperature difference of the reservoir in that
period of time to calculate the average conversion efficiency of each tube. We finally reach
an estimated efficiency of 38.5% for Pyromark coating, 42.3% for coating with Cu-Mn-Fe
oxide NPs, and a much higher value of 47.7% for coating with Cu-Mn-Cr oxide NPs,
verifying our spinel transition metal oxide nanoparticle pigmented solar selective coating
a promising candidate to be utilized for Generation 3 CSP system.
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Figure 6.10 Real time efficiency curves for Pyromark coating (tube 1), Cu-Mn-Fe coating
(tube 2) and Cu-Mn-Cr coating (tube 3) on stainless steel tubes.

6.4 LCOE Calculation
The levelized cost of energy (LCOE) is calculated as the ratio between the discounted
costs over the lifetime of a power plant divided by the discounted sum generated energy
[155]. It is expressed by the following equation:
𝐿𝐶𝑂𝐸 =

𝐼𝑡 +𝑀𝑡 +𝐹𝑡
∑𝑛
𝑡=1
𝑡
(1+𝑟)
𝐸𝑡
(1+𝑟)𝑡

∑𝑛
𝑡=1

(6.2)

where It, Mt, and Ft are the investment, operations and maintenance (O&M) and fuel costs
in the year t, respectively. Et represents the electrical energy generated in the year t, r is the
discount rate, and n is the expected lifetime of the power system.
Since it is too complicated to figure each cost in such a huge project, a simplified
calculation is carried out to compare the LCOE before and after applying the spinel
transition metal oxide nanoparticle pigmented solar selective coatings.
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The cost of coating was estimated based on the materials used during the synthesis and
fabrication process. The prices of Cu, Mn, Fe and Cr salts were obtained from the website
of Alfa Aesar for an easy comparison. Taking into account the sprayed areas, the unit prices
of Cu-Mn-Fe coating and Cu-Mn-Cr coating are $376/m2 and $432/m2, respectively. For a
1m-long Inconel 625 tube with the same OD of 76mm, the cost would be $45 by using an
average price of $2500 for 1 ton. Thus, the price of such a tube with Cu-Mn-Fe coating is
calculated to be $135 (3 times of bare Inconel tube) and that with Cu-Mn-Cr coating is
$148 (3.3 times of bare Inconel tube). The actual cost will be much lower if those raw
materials are ordered in bulk, showing that these calculated values are the upper limit. Extra
optical measurements were conducted on the curved Inconel substrate and a thermal
efficiency η0 of 46.6% is obtained with 1000x sunlight at 750 ºC.
Considering that the initial investment cost accounts for ~80% of the total cost [156],
an approximation of 10% for the discount rate according to IEA, and approximately three
years were spent on construction before the 25-year commercial operation of Genesis Solar
Energy Project [157], we can convert the equation above to the following form:
𝐿𝐶𝑂𝐸𝑚 =

𝑃𝑚 𝑃𝑚 𝑃𝑚
𝑃0
+
+
+∑25
𝑡=41.1𝑡
1.11 1.12 1.13
𝐸𝑚
∑25
𝑡=11.1𝑡

(6.3)

where Pm represents the annual cost during the construction of the tube-m system and P0
represents the annual cost after the plant is in use. Pm is considered of equal values for the
first three years; same case for Po and Em (generated energy of the tube-m system) in the
later 22 years and the whole 25 years, respectively. Assuming the extreme case that the
investment cost ratio between the coated system and non-coated system is exactly the same
as the ratio calculated above for the tube itself, which means all investment cost is spent in
purchasing tubes and coatings, then we can get 𝑃𝑚 = 𝑃0 × (80% ∗ 𝑐𝑜𝑠𝑡 𝑟𝑎𝑡𝑖𝑜𝑚 + 20%).
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The ratio of LCOE between the coated system and the non-coated system can be derived
as in the following formula.
𝑃𝑚
𝑃𝑚
𝑃𝑚
𝐸0
25 𝑃0
∑25
𝐿𝐶𝑂𝐸𝑚
1 + 1.12 + 1.13 + ∑𝑡=4 1.1𝑡
𝑡=1 1.1𝑡
1.1
𝑅𝑚 =
=
×
𝑃0
𝐸𝑚
𝐿𝐶𝑂𝐸0
∑25
∑25
𝑡=1 1.1𝑡
𝑡=1 1.1𝑡
=

(

1
1
1
𝑃0
+
+
)×𝑃𝑚 +∑25
𝑡=41.1𝑡
1.11 1.12 1.13
𝑃0
∑25
𝑡=11.1𝑡

𝜂

× 𝜂0

𝑚

(6.4)

Table 6.3 lists a few key parameters during the calculation. The efficiencies utilized
for Cu-Mn-Fe coating and Cu-Mn-Cr coating are the values after 60 day-night thermal
cycles at 750 ºC as the lower limit. LCOE ratios with longer expected lifetime were also
calculated for comparison.
LCOE ratios are smaller than 1 for both the Cu-Mn-Fe coating system and the Cu-MnCr coating system when the plant is expected to operate for 25 years, which means that
systems with coated tubes will definitely lower the LCOE compared to the bare tubes. A
longer lifetime leads to a smaller ratio, further reducing the cost of the whole system.
Another estimation was conducted based on reported values in Lazard’s LCOE
analysis released in 2021 [158]. With a high-end value of ~90% for the percentage of
capital cost, the LCOE ratios for 25 years increase a bit to 0.76 and 0.78 for Cu-Mn-Fe
coating and Cu-Mn-Cr coating, respectively. On the other hand, a lower actual discount
ratio will lower the LCOE and a discount rate of 8% can balance the increase brought by
the larger percentage of capital cost. When the discount rate is further lowered to 5%, the
LCOE will be reduced accordingly to below 0.7.
In both cases, the calculation overestimated LCOE ratios and that indicates an even
lower actual cost per generated energy by applying our spinel oxide nanoparticle
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pigmented coatings. This reveals that our spinel Cu-Mn-Fe oxide and Cu-Mn-Cr oxide
nanoparticle pigmented solar selective coatings are promising candidate to be utilized in
Generation 3 CSP systems.

Table 6.3 LCOE ratios between coated and non-coated systems with expected lifetime of
25, 30, 40 and 50 years.
Tube Condition

Bare

w/ Cu-Mn-Fe Coating

w/ Cu-Mn-Cr Coating

Cost for 1m Tube ($)

45

135

148

Thermal Efficiency (%)

46.6

91.8

94.0

t = 25 yrs

1

0.73

0.75

LCOE

t = 30 yrs

1

0.72

0.74

Ratio

t = 40 yrs

1

0.72

0.73

t = 50 yrs

1

0.71

0.73

* Use OD = 76 mm for 1m tube.
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Chapter 7 Summary and Future Works
7.1 Conclusion
In this thesis, the target features of an ideal solar selective coating for Generation 3
CSP systems are carefully addressed, namely high efficiency, high-temperature resistance,
long-time thermal stability and low cost. The weakness of preliminary research on
commercial simple oxides and reported work from other groups are revealed by FOM
evaluation. Two main types of spinel transition metal oxide (Cu-Mn-Fe oxide and Cu-MnCr oxide) nanoparticles are hence prepared and then utilized as the pigments to fabricate
silicone matrix solar selective coatings.
For both the Cu-Mn-Fe oxide and Cu-Mn-Cr oxide nanoparticles, the presence of
spinel phase is verified and a second Mn2O3 phase exists for most batches due to the wet
chemistry synthesis method and the small Cu/Mn ratios. The molar ratios between the
starting materials will affect the final chemical composition and crystal structure of the
nanoparticles. Electronic structure and atomic position distribution are investigated for
syn30 nanoparticles according to the XPS data analyses and OSPE. A detailed chemical
formula is obtained and the oxygen vacancies and degrees of inversion are found in the
Cu-Mn-Cr spinel phase.
Nanoparticle pigmented coatings are further studied and the 24h annealing process at
750 ºC is confirmed to assist in better crystallizations of the spinel phase. The porous
structures in coating layers are formed and nanoparticles are well distributed in the Si-rich
matrix. The optical data reveal the selectivity achieved by our nanoparticle pigmented
coatings. Almost all Cu-Mn-Fe coatings have a higher thermal efficiency than 90%.
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Among them, syn24 performs the best with an efficiency of 93.1% and syn29 maintains a
low emittance loss as well as a high solar absorptance. The Cu-Mn-Cr oxide system has a
relatively higher thermal efficiency than the Cu-Mn-Fe oxide system and the syn30 coating
on the curved Inconel substrate reaches an efficiency of 94.2%, which is record high to the
best of our knowledge.
Thermal tests at 750 ºC are conducted on syn24 and syn29 coatings for 60 and 30 daynight cycles, respectively. Thermal tests at 750 ºC and 800 ºC are conducted on syn30
coatings for 60 day-night cycles. All surface morphologies look identical to the 24h
annealed case. The porous structures keep the coating layers stable during the hightemperature process and slight phase changes occur after cycles. Increased Cr contents are
detected in upper layers due to the inter-diffusion reaction from the substrate, and the
oxidation of the Inconel substrate potentially affects absorption and emission. The XRD
peak shift to a smaller angle for syn30 further reveals the doping of Cr into the spinel phase.
All coatings suffer thermal degradations to some extent but syn30-coating is the most
stable one, followed by syn24 and syn29 coatings. A decrease in solar absorptance and an
increase in thermal emittance can be observed for coatings after thermal cycles and the
coating cycled at 800 ºC suffers more severe deterioration than the 750 ºC one. The wavy
shape of absorption spectra for syn30-coating after thermal cycles describes the CuCr2O4like absorbing behaviors. The increased thermal efficiency observed from CuMn 2O4
coating after thermal cycles implies that Cu-Mn-Cr oxide nanoparticles are ideal pigment
candidates for the solar selective coating. Key experimental results of syn 24, syn29 and
syn30 coatings are summarized in Table 7.1 for a clear comparison.
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Table 7.1 Summary of thermal efficiencies calculated for main batches in this thesis.
η
Batch

24

29

Element

Cu-Mn-Fe

Cu-Mn-Fe

Ratio

1:3:1

1:4:1

T (ºC)

# of Cycles
Flat

Curved

0

0.931

0.935

60

0.908

0.918

0

0.922

0.931

30

0.891

0.921

0

0.937

0.942

60

0.931

0.940

0

0.940

0.934

60

0.916

0.924

750

750

750
30

Cu-Mn-Cr

1:3:1
800

For the theoretical part, the four-flux radiative method is illustrated and key parameters
of coating thickness and volume fractions of nanoparticles are generated for simulation
purposes. The absorption coefficients and band gaps are derived for mechanism discussion.
The absorption peaks are assigned to the intrinsic transitions of certain elements and the
effect of disorders in the spinel structure is proposed to cause extra absorption. The
modeled solar absorptance and thermal efficiency agree well with the experimental values,
indicating that it is reliable to use the four-flux radiative method for further optimization
of the recipe.
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A tube test based on the parabolic trough design is carried out on our coated tubes and
the conversion efficiency is 10 - 24% higher than the Pyromark 2500 coated one. A
simplified LCOE calculation estimates that at least 25% of the LCOE is reduced by
applying our solar selective coatings to a non-coated Inconel tube.

7.2 Future Works
This thesis provides a promising approach to the highly-efficient low-cost spinel
transition metal oxide nanoparticle pigmented solar selective coatings with high
temperature thermal stability in air. Nevertheless, there is room for future improvement
which may offer a guidance to the mechanism exploration and performance optimization.
For the experimental part, other than CuMn2O4 (syn42) and CuCr2O4 (syn44), it is also
useful to prepare CuFe2O4 and MnCr2O4 nanoparticles and observe the absorbing behaviors
of their counterpart coatings. That will help us learn about the potential composition or
phase change happening during the high-temperature annealing process of Cu-Mn-Fe
coatings and Cu-Mn-Cr coatings. More cycles are recommended for CuMn2O4 (syn42)
coating to observe the highest thermal efficiency, at which the ratio between each element
can be referred to find the critical Cr concentration in the spinel for an optimized thermal
efficiency.
The role played by silicone resin coated Inconel substrates could be investigated in
detail by conducting a few more simulated cycles and checking the optical properties as
well as the corresponding phase change brought by the oxidation process. This may give
us a better understanding of the absorption reduction around 1 μm. In view of the observed
increasing emittance loss after thermal cycles, it is worth trying to pre-treat the surface of
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the Inconel by an oxidizing or etching process so as to avoid undesired oxidation later in
the cycling process. Since our group previously developed a high-performance solutionprocessed plasmonic Ni nanochain-Al2O3 selective solar thermal absorber [159], it is also
reasonable to consider replacing the Si-rich matrix by Al2O3 to avoid the emittance loss
caused by the vibrations of Si-O bonds and improve the thermal stability.
For the theoretical part, first-principles calculations are considered of great help to
explore the intrinsic optical properties of the spinel oxide nanoparticles. Previous
computational results from Romain in Professor Hautier’s group reach the similar band
structure and bandgap value for CuCr2O4. However, the simulated CuMn2O4 shows
metallic behaviors while no current was measured in our four-point probe test. It would be
wise to take into account the degree of inversion in CuMn2O4 and see if the revised result
fits the experimental data. Oxygen vacancies and substitution of cations in the spinel oxides
can also be considered in the future simulation work by setting a few degrees of disordering
to study the corresponding band structures.
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Appendices
Appendix A – Optical Measurements of Coatings Sprayed on the Curved Inconel
Substrate

In this Appendix, we briefly introduce the method by which we conduct optical
measurements on coatings sprayed on the curved Inconel substrate. Figure A.1 shows the
sample holder we use for optical measurements. The holder is specially designed for the
curved Inconel piece with an OD of 76 mm. The curved coated piece is placed in the center
and fixed with a single-side tape to avoid any movement during the measurement. The light
will shine through the square hole and directly onto the surface of the coatings. A highly
reflective aluminum foil is utilized as a reference and no obvious difference is identified
between the flat piece and the curved one.

Figure A.1 A photo of the sample holder for optical measurements of coatings sprayed on
the curved Inconel substrate.
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Appendix B – Calibration on FTIR Data

Due to a technical issue of the FTIR equipment in the past one year, a higher reflection
is observed for all samples. In this Appendix, we describe the way we calibrate the FTIR
data collected for syn30-coating on flat Inconel substrate after thermal cycles at 800 ºC.
October 2020 is used as the critical time which we calibrate the data back to for a
convincing result.
A few samples measured earlier are selected to be used for data collection in February
2022 again. It is difficult to fit the full spectrum due to the unique shape of the emittance
curves. Therefore, after several trials, we choose 3 μm as the target wavelength for
calibration and calculate the ratio of reflections in two measurements. These ratios are
regarded as y values and the timespan (by month) of the two measurements are regarded
as x values. An extra point with x = 0 and y = 1 is also used for the fitting.

Figure A.2 Dots showing experimental reflection ratios (old/new) vs. timespan (by month)
and the fitted curve based on the exponential decay.
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The function is customized to y = a*exp(-b*x+c)+d and Matlab generates the
coefficients based on the experimental values, with a = 0.6374, b = 0.05566, c = 0.1821
and d = 0.2359 (fitted curve shown in Figure A.2). The FTIR data are first calibrated to
February 2022 based on the ratio from the fitted curve, and they are later converted to the
version in October 2020 by multiplying 0.5464.
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